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SECTION 1 

INTRODUCTION AND S ~ ~ Y  

The purpose  of t h i s  s t u d y  i s  t o  a s s e s s  t h e  magnitude o f  t h e  
i n f l u e n c e  o f  s p a c e  r a d i a t i o n  upon t h e  MOS c a p a c i t o r  d e t e c t o r s  t o  b e  
flown on MTS . These c a p a c i t o r  d e t e c t o r s  a r e  metal-oxide s i l i c o n  (140s) 

2 
s t r u c t u r e s  of a  l a r g e  a r e a  ( -  20 cm ) f a b r i c a t e d  by t h e  thermal  ox ida t io i i  
o f  s i l i c o n  t o  form an ox ide  e i t h e r  0.4 vm t h i c k  o r  1 . 0  u m  t h i c k .  To 
complete t h i s  s t r u c t u r e  an aluminum e l e c t r o d e  0 . 1  vm t h i c k  i s  e v a p o r a t e d  
on top  of t h e  ox ide .  The oxide  i s  s t r i p p e d  from t h e  bot tom s i d e  of the 
w a f e r  and a  second  aluminum e v a p o r a t i o n  makes c o n t a c t  t o  t h i s  s i d e  o f  
t h e  c a p a c i t o r .  The doping o f  t h e  s i l i c o n  i s  h i g h  s o  as t o  minimize 
changes i n  t h e  c a p a c i t a n c e  w i t h  v o l t a g e .  The o p e r a t i o n  o f  t h e  c a p a c i t o r  
as  a micrometeoroid  d e t e c t o r  depends upon t h e  t r i g g e r i n g  o f  a c a p a c i t o r  
d i s c h a r g e  by micrometeoroid  impact fo l lowed  by a s e l f - h e a l i n g  i n t e r a c t i o n .  

The coun t ing  c i r c u i t  o f  t h e  s a t e l l i t e  responds t o  c a p a c i t o r  discl-iarge 
p u l s e s  g r e a t e r  t h a n  6 v o l t s .  The b i a s  a p p l i e d  t o  t h e  capacj t tors  varies 
w i t h  ox ide  t h i c k n e s s ,  t h e  0 . 4  pm ox ide  c a p a c i t o r  b e i n g  b i a s e d  a t  4-60 v o l t s  
on t h e  aluminum and t h e  1 . 0  pm o x i d e  t h i c k  c a p a c i t o r ,  60 v o l t s .  Eacn 
c a p a c i t o r  h a s  a  1 r e s i s t o r  i n  s e r i e s  w i t h  i t  s o  t h a t  t h e  power d r a i n  
through a  d e f e c t i v e  c a p a c i t o r  i s  l i m i t e d  even i n  t h e  e v e n t  o f  a :short  
c i r c u i t .  

Four p o s s i b l e  f a i l u r e  modes a r e  c o n s i d e r e d  i n  t h i s  s t u d y :  1) spu- 
r i o u s  o u t p u t  g e n e r a t e d  by p h o t o c u r r e n t s ;  2)  s p u r i o u s  o u t p u t  due t o  
accumulat ion of s p a c e  charge  i n  t h e  o x i d e ;  3) s p u r i o u s  o u t p u t  because  
o f  spontaneous  d i s c h a r g e  o f  s p a c e  charge ir, t h e  ox ide ;  and 4) d e t e c t o r  
f a i l u r e  because  o f  i n c r e a s e d  c a p a c i t o r  l e a k a g e  (da rk)  c u r r e n t .  

The f i r s t  two p o s s i b i l i t i e s  a r e  d i s c u s s e d  i n  s e c t i o n s  I1 and 111, 
r e s p e c t i v e l y ,  and a r e  d i smissed  a s  n e g l i g i b l e .  The s i g n i f i c a n c t .  o f  t h e  
l a s t  two i s  l e s s  c e r t a i n .  

The a n a l y s i s  i n  s e c t i o n  I V  concludes  t h a t  a spontaneous  d i s c h a r g e ,  
i f  it o c c u r s ,  i s  n o t  l i k e l y  t o  c r e a t e  a  s i g n a l  of s u f f i c i e n t  magnitude 
t o  t r i g g e r  t h e  c o u n t i n g  c i r c u i t  i f  o n l y  t h e  s p a c e  charge w i t h i n  the 
oxide  p a r t i c i p a t e s  i n  t h e  spon taneous  d i s c h a r g e .  Th is  conclusior?_ 
assumes t h a t  t h e  spontaneous  d i s c h a r g e  occurs  o v e r  on ly  a s m a l l  f r acc jon  
o f  t h e  t o t a l  volume o f  t h e  s p a c e  charge and t h a t  on ly  a  s m a l l  f- i-action 
of t h e  t o t a l  s p a c e  charge p a r t i c i p a t e s  i n  spontaneous  d i s c h a r g e .  Con~pLete 
d i s c h a r g e  o f  t h e  r a d i a t i o n - i n d u c e d  charge b u i l d u p ,  which is d i s t r i b u t e d  
o v e r  t h e  c a p a c i t o r  a r e a ,  i s  u n l i k e l y  t o  o c c u r  through a s m a l l  l o c a l i z e d  



r e g i o n  i n i t i a t e d  by a  spontaneous  d i s c h a r g e .  The more p r o b a b l e  f a i l u r e  
mechanism i s  f o r  t h e  spontaneous  d i s c h a r g e  t o  i n i t i a t e  a  c a p a c i t o r  
d i s c h a r g e ,  which would be  i n d i s t i n g u i s h a b l e  from a  c a p a c i t o r  d i s c h a r g e  
t r i g g e r e d  by a micrometeoroid  count  and an e r r o r  most c e r t a i n l y  would 
r e s u l t .  No i n f o r m a t i o n  e x i s t s  on which t o  a s s e s s  t h e  l i k e l i h o o d  of  
t h i s  e v e n t .  The problem i s  b e s t  hand led  e x p e r i m e n t a l l y .  

The MOS D e t e c t o r  C a p a c i t o r s  can a l s o  b e  rendered  i n o p e r a t i v e  by 
g r e a t l y  i n c r e a s e d  l e a k a g e  c u r r e n t  because  o f  r a d i a t i o n - i n d u c e d  degra-  
d a t i o n  of t h e  ox ide  o r  t h e  o x i d e - s i l i c o n  i n t e r f a c e ,  Conceptual  models 
f o r  a s s e s s i n g  t h e  importance o f  t h i s  problem a r e  a l s o  i n a d e q u a t e ,  
p r i m a r i l y  b e  cause  t h e  l e a k a g e  c u r r e n t  of t h e  c a p a c i t o r  i s  determined by 
d e f e c t s  r a t h e r  than t h e  p r o p e r t i e s  o f  t h e  i n t r i n s i c  ox ide .  The i n f l u e n c e  
o f  high-energy r a d i a t i o n  upon t h e s e  d e f e c t s  i s  complete ly  s p e c u l a t i v e ,  
b u t  can b e  e a s i l y  determined e x p e r i m e n t a l l y .  

Two exper iments  a r e  recommended t o  a s s u r e  t h e  r e l i a b i l i t y  and 
accuracy o f  t h e  MOS D e t e c t o r  o u t p u t :  

1 )  I r r a d i a t i o n  o f  a b i a s e d  d e t e c t o r  w i t h  20 keV e l e c t r o n s  i n  
o r d e r  t o  maximize s p a c e  charge b u i l d u p  and t h e  l i k e l i h o o d  
o f  a count b e i n g  t r i g g e r e d  by spontaneous  d i s c h a r g e  o f  t h e  
o x i d e  s p a c e  charge which i n  t u r n  i n i t i a t e s  a c a p a c i t o r  
d i s  charge.  

2) I r r a d i a t i o n  o f  a  b i a s e d  d e t e c t o r  w i t h  300 keV e l e c t r o n s  t o  
induce  d i sp lacement  damage and a s s e s s  t h e  l i k e l i h o o d  o f  
f a i l u r e  a t t r i b u t a b l e  t o  i n c r e a s e d  l e a k a g e  c u r r r e n t  through 
t h e  c a p a c i t o r .  

These r a d i a t i o n  t e s t s  a r e  s i m p l e  and i n e x p e n s i v e  t o  perform.  They 
can e a s i l y  s i m u l a t e  worse  cases  and,  i f  no  f a i l u r e  o r  s p u r i o u s  counts  
r e s u l t ,  t h e  i n f l u e n c e  o f  Van Al len  b e l t  i r r a d i a t i o n  upon t h e  130s D e t e c t o r  
can be  assumed n e g l i g i b l e  w i t h  h i g h  conf idence .  I f  f a i l u r e s  o r  f a l s e  
counts  a r e  e n c o u n t e r e d ,  more r e a l i s t i c  s i m u l a t i o n  i s  r e q u i r e d  b e f o r e  a 
r e a l i s t i c  r a d i a t i o n - r e l a t e d  l i m i t  is e s t a b l i s h e d .  

The on ly  type o f  r a d i a t i o n  c o n s i d e r e d  throughout  t h i s  s t u d y  i s  
e l e c t r o n s  o f  v a r i o u s  e n e r g i e s ;  t h e  i n f l u e n c e  o f  o t h e r  types  o f  s p a c e  
r a d i a t i o n  have been assumed t o  b e  similar. No d i s t i n c t i o n  h a s  been 
made between t h e  i n f l u e n c e  of e l e c t r o n s ,  p r o t o n s ,  gamma r a y s  o r  o t h e r  
h igh-energy r a d i a t i o n .  Th is  assumptioil is  b a s e d  on t h e  r a d i a t i o n  f o r e -  
c a s t  t o  b e  encounte red  d u r i n g  t h e  I f lS  m i s s i o n .  



ELE CTROPJ-BOFlBARD?JLENT-INDUCEiI-CONDUCTIVITY (EBIC) 

Electron-bombardment-induced c o n d u c t i v i t y  (ESIC) i s  a  consequence o f  

e l e c t r o n - h o l e  p a i r  p r o d u c t i o n .  Bombarding e l e c t r o n s  t r a n s f e r  energy t o  a 
s o l i d  through t h e  mechanism of e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s ,  r e s u l t i n g  
i n  i n t e r n a l  i o n i z a t i o n .  The i o n i z e d  e l e c t r o n s  have f i n i t e  l i f e t i m e  and. 
m o b i l i t y .  Under t h e  i n f l u e n c e  o f  an e l e c t r i c  f i e l d  t h e y  d r i f t  away f rom 
t h e i r  i o n i z a t i o n  s i t e s .  Th i s  d r i f t  c o n s t i t u t e s  a  c u r r e n t  f low w l i i d h  adds 
t o  t h e  d r i f t  o f  t h e r m a l l y  i o n i z e d  e l e c t r o n s .  I f  t h e  i o n i z a t i o n  sites are 
mobi le ,  t h e y  a l s o  c o n t r i b u t e  a c u r r e n t  component c a l l e d  h o l e  c u r r e n t ,  

Ed1C depends upon: (1) t h e  energy l o s s  mechanisms assoc ia ted .  wwitl? 
t h e  bombarding e l e c t r o n s ,  and (2)  t h e  d r i f t  o f  i o n i z e d  e l e c t r o n s  (and 
h o l e s )  i n  an a p p l i e d  e l e c t r i c  f i e l d .  

Energy Loss Flechanisms. - To d e s c r i b e  t h e  energy l o s s  o f  a  h igh  e n e r g y  
bombarding e l e c t r o n  beam we s t a r t  w i t h  t h e  Thomas-Whiddington (refs. 2 . 1 ,  
2.21 r e l a t i o n s h i p ,  

2 2 E - E  (x) = bpx  
P P  

(2-1)  

where E i s  t h e  energy o f  t h e  bombarding e l e c t r o n s ,  
P 

E (x) i s  t h e  e l e c t r o n  energy a t  a  d e p t h ,  x ,  w i t h i n  t h e  s o l i d ,  
P 

b  i s  a m a t e r i a l  pa ramete r  and 

p i s  t h e  m a t e r i a l  d e n s i t y .  

F igure  1 i l l u s t r a t e s  t h e  geometry. Assuming t h a t  a l l  t h e  e l e c t r a n  energy 
i s  given up i n  a d i s t a n c e  l e s s  than L, we may d e f i n e  a  range ,  R ,  b y  
E (R) = 0 i n  eq. 2-1 s o  t h a t  

P  

R i s  tile mean pa th  l e n g t h  o f  t h e  bombarding e l e c t r o n s  i n  t h e  s o l i d .  T h i s  
r e s u l t  i s  c o n s i s  t e n t  w i t h  t h e  range-energy r e l a t i o n s h i p  f o r  monoenergeti  c 
e l e c t r o n s  given by Evans [ r e f .  2 - 3 1 .  From e q s .  2-1 and 2-2 t h e  rate o f  
energy l o s s  i s  



Figure  2 . 1 .  Geometry for 
E a I G  Ana lys i s  

( 4  
X 

I f  we normal ize  t h e  energy and d i s t a n c e  t o  iL___ and -, w e  o b t a i n  
E R 

P  

where t h e  n e g a t i v e  s i g n  i n d i c a t e s  t h a t  t h e  e l e c t r o n  energy l o s s  d e c r e a s e s  
w i t h  i n c r e a s i n g  x. F i g u r e  2 .2  i s  a  p l o t  o f  eq .  2-4 w i t h  t h e  energy l o s s  
i n  u n i t s  o f  -1/2R. The s a l i e n t  f e a t u r e  i s  t h e  n e a r  c o n s t a n t  energy l o s s  
o v e r  t h e  f i r s t  h a l f  o f  t h e  e l e c t r o n  range.  Th is  r e s u l t  i s  s u b s t a n t i a t e d  
by  Young f o r  10 keV e l e c t r o n s  i n  1 pm aluminum ox ide  f i l m s .  Our i n t e r e s t  
w i l l  a l s o  focus  on low energy e l e c t r o n s ,  because  t h e  t h i c k n e s s  of s i l i c o n  
ox ide  i n  t h e  MOS D e t e c t o r  i s  a l s o  on t h e  o r d e r  of one micron.  The w o r s t  
case  a n a l y s i s  must i n c l u d e  e l e c t r o n  e n e r g i e s  which a r e  t h e  most e f f i c i e n t  
w i t h  r e g a r d s  t o  E B I C .  

To d e s c r i b e  t h e  bombarding e l e c t r o n  beam i n t e n s i t y  a t  x ,  we use 
Lenardf  s r e l a t i o n s h i p  [ r e f .  2.43 

where J ( x ) i s  t h e  bombarding c u r r e n t  d e n s i t y  a t  x i n  t h e  s o l i d  and a ,  
P 

an a b s o r p t i o n  c o e f f i c i e n t  which depends upon energy E (x) a c c o r d i n g  t o  
P 

a 
0 

a = 2 
E (x) 
P 
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F i g u r e  2 . 2 .  Energy Loss  o f  Bombarding E l e c t r o n s  a s  a Func t ion  ol 

Combining e q s .  2-1, 2-5 and 2-6, 

dJ (x) a 
P= - 0 

d x 2 JP(x) - 
E - bpx 

P 

Depth 



Upon i n t e g r a t i n g  from o  t o  x, o r  from J (0) t o  J (x) one o b t a i n s  
P  P  

2 
S i n c e  E = bpR, 

P  

Eq. 2-9 g i v e s  t h e  d e c r e a s e  i n  beam c u r r e n t  as a  f u n c t i o n  o f  dep th  of 
p e n e t r a t i o n .  

Charge T r a n s p o r t  i n  SiO - For t h e  a n a l y s i s  o f  EEIC we w i l l  asarme 
2 "  

t h e  c o n t a c t s  t o  be  ohmic. I n  S e c t i o n  I V .  t h e  c o n t a c t s  w i l l  b e  c o n s i d e r e d  
t o  be  b l o c k i n g ,  w h i l e  i n  S e c t i o n  V i n j e c t i n g  c o n t a c t s  w i l l  b e  c o n s i d e r e d ,  
I n  each c a s e  t h e  assumption r e g a r d i n g  t h e  e l e c t r i c a l  c o n t a c t s  i s  cl-iosen 
t o  cor respond  t o  w o r s t  c a s e  a n a l y s i s .  I n  S e c t i o n  IV blocking c o n t a c t s  
r e s u l t  i n  t h e  b u i l d  up o f  i n t e r n a l  p o l a r i z a t i o n  as a  r e s u l t  o f  e l e c t r o n  
bombardment w h i l e  i n  S e c t i o n  V i n j e c t i n g  c o n t a c t s  p r o v i d e  a  mechanism 
through which d i e l e c t r i c  l o s s  o r  d i s s i p a t i o n  f a c t o r  may depend upon 
i r r a d i a t i o n .  

To a n a l y z e  t h e  induced  c o n d u c t i v i t y  we c o n s i d e r  t h e  conduct ion 
e l e c t r o n  d e n s i t y  t o  be 

n = n  + n  
e  o  

(2-101 

where n  i s  t h e  e x c e s s  o r  e l e c t r o n  bombardment induced  c o n t r i b u t i o n  arid 
e  

n  i s  t h e  the rmal  c o n t r i b u t i o n .  Under t h e  assumption o f  a s imple  l i f e t i m e  
0 

p r o c e s s  t h e  e x c e s s  e l e c t r o n  d e n s i t y  is  governed by t h e  rate e q u a t i o n  

where g  i s  t h e  g e n e r a t i o n  r a t e  o f  e x c e s s  e l e c t r o n s  by t h e  i r r a d i a t i o n  
E 

and T i s  t h e  e l e c t r o n  l i f e t i m e .  In s t e a d y  s t a t e  



Under t h e  assumption of ohmic c o n t a c t s  t h e  e l e c t r i c a l  c u r r e n t  density is 
given by 

J = qpnE 
where 

q  i s  t h e  e l e c t r o n i c  charge ,  

p  i s  t h e  conduct ion e l e c t r o n  m o b i l i t y ,  

n  i s  t h e  t o t a l  c a r r i e r  c o n c e n t r a t i o n ,  and 

E i s  t h e  a p p l i e d  e l e c t r i c  f i e l d .  

Combining e q s .  2-10, 2-12, 2-13, 

S o l v i n g  f o r  E 

assuming t h e  geometry i n  Fig.  2.3.  We have n o t  r e s t r i c t e d  t h e  spatial 
dependence o f  g o r  n  . We could proceed i n  a g e n e r a l  way; however, 

E 0 

e x t e n s i v e  computation can b e  avoided by some s i m p l i f y i n g  assumpi:ioas 
r e g a r d i n g  t h e  g e n e r a t i o n  o f  e x c e s s  e l e c t r o n s .  





The g e n e r a t i o n  o f  e x c e s s  conduct ion e l e c t r o n s  can b e  approximated 

where t h e  r a t e  o f  energy l o s s  is  d e s c r i b e d  by eq .  2-3 and t h e  i r r a d i a t i o n  
c u r r e n t  d e n s i t y  by eq.  2-9. The q  i n  t h e  denominator o f  eq .  2-16 eon- 
v e r t s  c u r r e n t  d e n s i t y  t o  a p a r t i c l e  d e n s i t v ;  E .  i s  t h e  mean i o n i z a t i o i ~  

1 

energy f o r  t h e  e x c e s s  conduct ion e l e c t r o n s .  I n t r o d u c i n g  e q s .  2-1 and 2-9 
i n t o  2-16 y i e l d s ,  

0. 
0 1 where m = - - - 

bp 2 
and is  g r e a t e r  t h a n  u n i t y .  

Exper imenta l  d a t a  by Pensak i n d i c a t e s  t h a t  l<m<3 f o r  SiO [Ref. 2-51 
2 

and i n  Fig .  2 . 4 ,  eq.  2-17 is  p l o t t e d  f o r  t h e  v a l u e s  o f  m =  1, 2 ,  3. Tlhe 
s a l i e n t  f e a t u r e s  a r e  t h e  w e l l  behaved n a t u r e  o f  t h e  r e s u l t s  and the general 
t r e n d  f o r  g  t o  b e  a p p r e c i a b l e  o n l y  o v e r  a f r a c t i o n  o f  t h e  range R f o r  E 
m = 3. To f a c i l i t a t e  t h e  a n a l y s i s  w e  choose t o  use ,an average  constarii  
v a l u e  f o r  g  as  opposed t o  t h e  depth  v a r y i n g  r e s u l t s  of F ig .  2 , 4 ,  

E 

Csing an average  g e n e r a t i o n  r a t e  F ig .  2 .5  r e p r e s e n t s  t h e  model  fcr 
which we s e e k  a  s o l u t i o n .  The e x c e s s  e l e c t r o n  c o n c e n t r a t i o n  is  given by 

- 
F i g u r e  2.5. S i m p l i f i e d  Genera t ion  Approximation 



- 
where is a  c o n s t a n t  from x = 0 3 x  = T and T is determined by t h e  OE 
c o n d i t i o n  t h a t  g (T) T 1 - A t  %e d i s t a n c e  T t h e  s p a t i a l l y  dependent: 

E 11 0 

e x c e s s  c a r r i e r  c o n c e n t r a t i o n  is  e q u a l  t o  t h e  the rmal ly  e x c i t e d  c a r r i e r  
c o n c e n t r a t i o n .  I n  s t e a d y  s t a t e  

and 

Assuming J is c o n s t a n t  through 0 - < x - < L e q ,  2-20 can b e  i n t e g r a t e d  

t o  y i e l d  t h e  c u r r e n t  d e n s i t y  J ,  

g T (L-T) + n T E n  o 

assuming g 7- >> n  between o and T, S i n c e  t h e  u n i r r a d i a t e d  c u r r e n t  ., i . 
E n  o i) 

w e  may d e f i n e  t h e  r a t i o  of t h e  c u r r e n t  d e n s i t y  o f  t h e  i r r a d i a t e d  s o l i d ,  
J, t o  t h e  i n c i d e n t  e l e c t r o n  beam c u r r e n t  d e n s i t y  , Jp (0)  , as 



F i n a l l y  d e f i n i n g  z = - J /J  (0) y i e l d s  
0 0 P 

We s t ~ o u l d  co i l s ide r  eq.  2-25 i n  t h r e e  p a r t s .  As b e f o r e ,  t h e  w o r s t  case 
- 

a n a l y s i s  i n c l u d e s  t h e  assumption t h a t  g T >> n . With t h i s  a ssumpt ion ,  E n o  
t h e  f i r s t  r ange  we w i l l  c o n s i d e r  is  T <<L. Then 

z 
- 2  1, T << L. 
z 
0 

As T approaches  L and w i t h  

we o b t a i n  

When T = L ,  t h e  s o l u t i o n  i s  
- 

T - 
To proceed  we must o b t a i n  an e x p r e s s i o n  f o r  t h e  r a t i o  - and f o r  - kri 

L % 
e x p r e s s i o n  f o r  T can b e  o b t a i n e d  from eqs  2-17 and 2-19 : 

Solv ing  f o r  T y i e l d s  



L 
where T = - i s  t h e  t r a n s i t  t ime f o r  t h e  e l e c t r o n  a c r o s s  t h e  sample 

'nva 

l e n g t h  and E = is  tlie i n c i d e n t  energy r e q u i r e d  t o  p e n e t r a t e  t he  
0 

f i l m  (R=L) . The c a s e  where E << E ( o r  t h e  mean i o n i z a t i o n  energy i s  
i o  

much l e s s  t h a n  tile p e n e t r a t i o n  energy)  and t h e  o t h e r  r a t i o s  a r e  comparable 
i s  of pr imary importance.  For t h i s  ,case,  

where R is t h e  range o f  t h e  i n c i d e n t  e l e c t r o n  i n  t h e  s o l i d ,  o r  

Thus, from eq. 2-28, 

The average  g e n e r a t i o n  r a t e  f o r  0 < x < T is  determined from eq.  2-17: - - 

Replac ing  t h e  i n t e g r a t i o n  l i m i t  T by R u s i n g  t h e  approximat ions  which 
X 

y i e l d s  eq.  2-32 and i n t r o d u c i n g  t h e  change of v a r i a b l e  y  = - i n  eq.  2--35 
R 

y i e l d s  

o r  f i n a l l y  



For R = L i n t r o d u c i n g  eq.  2-37 i n t o  eq.  2-29 y i e l d s  

which,  upon s u b s t i t u t i n g  J and T reduces  t o :  
0 I," 

Shown i n  F i g ,  2.6 a r e  t h e  r e s u l t s  of eq .  2-26 and 2-34 ( s o l i d  l i n e s )  
and e q ,  2-39 (broken l i n e s ) .  The s a l i e n t  f e a t u r e  i s  t h a t  E B I C  i s  not 
impor tan t  u n t i l  t h e  energy o f  t h e  i n c i d e n t  beam is  approximately  e q ~ a l  t o  
t h e  energy n e c e s s a r y  t o  p e n e t r a t e  t h e  s o l i d  ( u n t i l  E - Eo) . The scale 

P 
f o r  z / z  i s  broken w i t h  i t s  v a l u e  a t  E = E determined by t h e  r ae io  of  

0 P 0 

e l e c t r o n  l i f e t i m e  t o  t r a n s i t  t ime and by t h e  r a t i o  o f  energy of the p r l -  
mary e l e c t r o n  t o  t h e  mean i o n i z a t i o n  energy.  The major  r e s u l t  i s  t h a t  
t h e r e  is  n o t  an extreme f o r  0 2 E < E . Thus, we must look  f o r  a maximum 

P -  0 

z w i t h  E > E . 
P 0 

B e f o r e  c a l c u l a t i n g  t h e  maximum z we s h o u l d  b r i e f l y  c o n s i d e r  the use  
o f  an average  g e n e r a t i o n  r a t e .  For  o u r  problem we w i l l  b e  i n t e r e s t e d  i r r  
a  geometry c r u d e l y  approximated i n  F ig .  2 . 7 .  This  approximates  a pene- 
t r a t i n g  beam where t h e  g e n e r a t i o n  rate i s  f i n i t e  throughout  0 < x L 
and t h e  t h i c k n e s s  o f  t h e  sample L i s  h a l f  t h e  range of t h e  pr imary eLee-- 
t r o n .  From eq.  2-15 we s h o u l d  c o n s i d e r  

I f  g E ~ n  >> n through 0 < x < L 
0 - - 

From t h e  geometry o f  F ig .  2 . 7 ,  



F i g u r e  2 . 6 .  The I n c r e a s e  i n  EEIC as t h e  Beam Energy Approaches 
t h a t  Required t o  Completely P e n e t r a t e  the Oxide 
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F i g u r e  2 . 7 .  Average Generat  i o n  Rate  Approximation 

I n t r o d u c i n g  eq. 2-42 i n t o  2-41 

X and u s i n g  t h e  change of v a r i a b l e  - = y 
2L 

We s h o u l d  compare t h e  r e s u l t  o f  

where T >> n  f o r  0 < x 2 L . E 0 - 

Using g = 314 (from Fig.  2 . 7 )  and 
E 



Comparing eqs .  2-45 and 2-48 i n d i c a t e s  t h a t  o u r  approx imat ion  s h o u l d  he: 
v a l i d  t o  a t  l e a s t  an o r d e r  o f  magnitude f o r  m = 1 f o r  p e n e t r a t i n g  beanis 
where e s s e n t i a l l y  l i n e a r  b e h a v i o r  is  e x p e c t e d  o v e r  an a p p r e c i a b l e  p o r t i o n  
o f  t h e  sample.  

To o b t a i n  an e s t i m a t e  o f  z we need a  new average  g e n e r a t i o n  r a t e  
max 

f o r  R 2 L where 

Then we must c o n s i d e r  t h e  c u r r e n t  d e n s i t y  where 

From eqs .  2-17 and 2 - 4 9 ,  

where t h e  i n t e g r a t i o n  y i e l d s  

The r a t i o  o f  t h e  induced  c u r r e n t  d e n s i t y  t o  t h e  i r r a d i a t e d  beam c u r r e n t  
d e n s i t y  is 

J 
0 

where J is  t h e  u n i r r a d i a t e d  c u r r e n t  d e n s i t y .  D e f i n i n g  z = - 
o  o  Jp  (0) 



and c o n s i d e r i n g  eq.  2-53 y i e l d s  

We may now proceed  t o  f i n d  z  by c o n s i d e r i n g  
max 

Carrying'  o u t  t h e  d i f f e r e n t i a t i o n  and s e t t i n g  

= 0 y i e l d s  

I t  i s  obvious  t h a t  we must c o n s i d e r  s p e c i f i c  v e l u e s  o f  m b e f o r e  a solrstion 
can b e  o b t a i n e d .  The v a l u e  o f  m i s  u s u a l l y  n e a r  u n i t y  and we w i  Li obtain 
s o l u t i o n s  f o r  m = 1, 2  t o  o b t a i n  t h e  g e n e r a l  b e h a v i o r .  To f a c i l  i t a re  the 

c a l c u l a t i o n ,  l e t  = x; t h e n  we must c o n s i d e r  

1 - ( I - X ) ~ ~  - 2  (mcl) x  ( l -x )m = 0 

where f o r  m = 1 

x  = 0 ,  213 a r e  t h e  r o o t s  of eq.  2-56. Thus ( z / z ~ ) ~ ~ ~  occurs 

f o r  E = J3/2 E = 1.225 Eo and m = 1. For m = 2  t h e  a n a l y s i s  proceeds 
P  0 

i n  a s i m i l a r  manner and a  v a l u e  E 1 . 6  E i s  o b t a i n e d  f o r  ( z / z  ) 
P 0 o max' 





Cons ider ing  t h e  m = 1 c a s e  t h e  v a l u e  of z / z  a t  E = 1.225 Eo i s ,  from 
0 P  

eq.  2-41, 

J (0) I;: T 
=Lonl - 

J o  E . - r L m t l  
1 

max 

i s  n o t  e v a l u a t e d  s o  t h a t  a  meaningful  comparison where t h e  f a c t o r  ----. m t l  
w i t h  eq.  2-39 can b e  o b t a i n e d .  Thus, f o r  m = 1 t h e  maximum v a l u e  o f  
z / z o  i s  about  twice  t h a t  f o r  E = E . This  r e s u l t  i s  shown i n  F i g .  2 . 8  

P  0 

where t h e  peak is E = 1.225 E f o r  m = 1. P  0 

To proceed w i t h  a  w o r s t  c a s e  a n a l y s i s  we w i l l  c o n s i d e r  v a l u e s  t o  b e  
J 

0 
used i n  eq.  2-57. We s h o u l d  r e c o g n i z e  t h a t  z = -------- 

0 J p ( o )  
and t h e  e1ectroa-i 

bombardment induced c u r r e n t  i s  

We w i l l  c o n s i d e r  m = 1, and s h o u l d  o b t a i n  e s t i m a t e s  f o r  

E 
0 

T n  
- and -- . 
i 

'r 
L 

According t o  I lauser  [ r e f .  2.61 E. ; 3/2 E  where E i s  t h e  band-gap o f  a 
1 g  g  

d i r e c t  band gap semiconductor .  Thus E, 1 12 eV f o r  SiO, . We arc? inter- 
I L 

e s t e d  i n  1 . 0  pm and 0 . 4  pm o x i d e s .  For t h e  s a k e  o f  t h e  d i s c u s s i o n  w e  
w i l l  c o n s i d e r  1 . 5  pm which is  an upper l i m i t  and p rov ides  a  w o r s t  case  
a n a l y s i s .  The range o f  10 keV e l e c t r o n s  i s  approximately  1 . 5  urn,; thus 

crn 
2 

Eo - 10 keV. Goodman r e p o r t s  a  m o b i l i t y  f o r  e l e c t r o n s  of - 30 -- and 
-9 2 

11-sec 
a  m o b i l i t y  l i f e t i m e  produc t  o f  10 cm / v o l t .  Thus, t h e  e l e c t r o n  L i f e t i m e  

-11 
i s  approximately  T =_ 3 x 10 seconds [ r e f .  2.71. I f  we s c a l e  the b i a s  

n  
f o r  t h e  1 . 5  ym t o  90 v o l t s  we may o b t a i n  an  estimate f o r  T wheice I-, -" L L - 

L - -  -12 - 8 x 1 0  seconds .  T h e r e f o r e ,  
vv a  

J = J (0)  g 3  l o 3  J ~ ( O )  . (2-59) 
P 

The maximum e f f e c t  due t o  EBIC would occur  i f  a l l  t h e  e l e c t r o n s  w l ~ i c h  
s t r i k e  t h e  SiO c a p a c i t o r  s t r u c t u r e  had an energy o f  approximately  10 keV, 2  



Thus ,  we w i l l  c o n s i d e r  t h e  e l e c t r o n  f l u x  w i t h  e n e r g y  g r e a t e r  t h a n  0 g iven  
11 e l e c t r o n s  

as 2 . 5 5  x 10  2 
i n  t h e  NASA memo d a t e d  August  1 9 ,  1970 [ r e f .  2  -81, 

cm - day 

Thus,  o n e  beam c u r r e n t  d e n s i t y  is J (0 )  2 5 x 1 0  -I3 BRS- and a s suming  a 
P cm 

2 

m o n o e n e r g e t i c  beam o f  e n e r g y  1 0  keV y i e l d s  a w o r s t  c a s e  EBIC c u r r e ~ l t  

d e n s i t y  o f  J 1 1 . 5  x amp/cm2 f o r  t h e  SiO c a p a c i t o r  s t r u c t u r e .  
2 

- 8 
For  w o r s t  c a s e  t h e  EBIC component i s  p r e d i c t e d  t o  b e  3 x 18 h p s  

L 
(assumes  a c a p a c i t o r  a r e a  o f  20 cm ) .  T h i s  v a l u e  is s m a l l  o r  comparable  
t o  t h e  d a r k  c u r r e n t  l e a k a g e .  Consequen t ly  EBIC i s  n o t  e x p e c t e d  t o  b e  a 
s i g n i f i c a n t  f a c t o r  d u r i n g  t i l e  MTS f l i g h t .  
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SECTION 111 

CIiARGE SEPARATION E FFE CTS 

One of  t h e  most pronounced e f f e c t s  o f  i o n i z i n g  r a d i a t i o n  on the YOS 
s y s  tem is t h e  i n t r o d u c t i o n  o f  a semipermanent,  p o s i t i v e  s p a c e  charge i x t o  
t h e  o x i d e  l a y e r .  This r a d i a t i o n - i n d u c e d  s p a c e  charge b u i l d u p  has beer1 
c h a r a c t e r i z e d  e x t e n s i v e l y  f o r  ox ides  exposed t o  v a r i o u s  types  o f  ionizing 
r a d i a t i o n  [ r e f s .  3.1-3.61,  and i t  is  b e l i e v e d  t h a t  t h e  charge b u i l d c p  c m  
b e  d e s c r i b e d  by t h e  fo l lowing  p r o c e s s :  

E l e c t  ron-hole p a i r s  a r e  g e n e r a t e d  w i t h i n  t h e  s i l i c o n  d i o x i d e  
by t h e  i o n i z i n g  r a d i a t i o n .  The e l e c t r o n s ,  h a v i n g  a  h i g h e r  
m o b i l i t y - l i f e t i m e  produc t  than  t h e  h o l e s ,  e s c a p e  t h e '  o x i d e  
i n  g r e a t e r  numbers than  do t h e  h o l e s ,  l e a v i n g  a  n e t  p o s i t i v e  
charge t r a p p e d  w i t h i n  t h e  ox ide .  This  p r o c e s s  c o n t i n u e s  
u n t i l  t h e  h o l d  t r a p s  a r e  s a t u r a t e d  o r  u n t i l  e q u i l i b r i u m  i s  
reached  between t h e  r a t e s  o f  charge b u i l d u p  and decay.  

The t r a p p e d  ox ide  c l ~ a r g e  i s  g e n e r a l l y  assumed t o  l i e  w i t h i n  a few 11mdred 
angstroms o f  t h e  s i l i c o n - o x i d e  i n t e r f a c e  when t h e  g a t e  b i a s  a p p l i e d  during 
i r r a d i a t i o n  i s  p o s i t i v e .  The magnitude o f  t h i s  ox ide  charge i s  s t r o r i g i y  
dependent  on g a t e  b i a s  d u r i n g  i r r a d i a t i o n  and i n c r e a s e s  a lmos t  l i n e a r l y  
w i t h  b i a s  up t o  t r a p  s a t u r a t i o n  [ r e f s .  3.3-3.51.  The f a c t  t h a t  the  image 
charge r e f l e c t e d  a t  t h e  s i l i c o n  s u r f a c e  i s  g r e a t e r  f o r  p o s i t i v e  than i o r  
n e g a t i v e  g a t e  b i a s e s  s u g g e s t s  ox ide  charge accumulat ion n e a r  t h e  rl~ctal 
e l e c t r o d e  f o r  t h e  n e g a t i v e  b i a s  i r r a d i a t i o n s .  

The o x i d e  s p a c e  charge i s  "semipermanent" a t  room tempera tu re  but 
can be  annea led  o p t i c a l l y  o r  a t  e l e v a t e d  t empera tu res .  Anneal ing s t u d i e s  
have shown t h e  a n n e a l i n g  r a t e  t o  b e  a  ve ry  s t r o n g  f u n c t i o n  of terr1perat.iis.e 
[ r e f s .  3 .6 ,  3 . 7 1 .  Room-temperature a n n e a l i n g  h a s  been observed  2 t  R T i  
i n  thermal  o x i d e s  i r r a d i a t e d  w i t h  b o t h  low energy e l e c t r o n s  [ r e f ,  3.6 7 
and w i t h  p u l s e d  600 keV e l e c t r o n s .  However, s i n c e  a n n e a l i n g  r a t e s  vary 
c o n s i d e r a b l y  among the rmal  ox ides  p r e p a r e d  under d i f f e r e n t  condi";oras , 
a  wors t -case  assumptioli would be  t h a t  a n n e a l i n g  e f f e c t s  can b e  n e g l e c t e d  
and o x i d e  s p a c e  charge c o n t i n u e s  t o  accumulate  w i t h  i n c r e a s i n g  f l u e n c e ,  

I o n i z a t i o n  e f f e c t s  can b e  expec ted  from b o t h  t h e  p r o t o n s  and 
e l e c t r o n s  o f  t h e  MTS r a d i a t i o n  environment.  P r o t o n s  a r e  on t h e  o r d e r  
o f  50 t imes more e f f e c t i v e  than  e l e c t r o n s  f o r  p roduc ing  i o n i z a t i o n  damage 
[ r e f .  3.81. However, s i n c e  i n  t h e  iQS environment t h e  e l e c t r o n  f l u x  is 
approx imate ly  600 t imes g r e a t e r  t h a n  t h e  p r o t o n  f l u x ,  p r o t o n  e f f e c t s  w i l l  
b e  r e l a t i v e l y  s m a l l  i n  comparison w i t h  e l e c t r o n  damage. 

The r a d i a t i o n  s e n s i t i v i t y  of s i l i c o n  d i o x i d e ,  which is  s t r o n g l y  
dependent  on p r o c e s s i n g  c o n d i t i o n s ,  i m p u r i t y  c o n t e n t ,  and o t h e r  factors 



n o t  a l l  o f  which have been p o s i t i v e l y  i d e n t i f i e d ,  v a r i e s  c o n s i d e r a b l y  
among o x i d e s  p r e p a r e d  by d i f f e r e n t  manufac tu re r s  and o c c a s i o n a l l y  even 
among o x i d e s  p r e p a r e d  by t h e  same manufac tu re r .  Thus, i t  i s  very  d i f f i -  
c u l t  t o  p r e d i c t  e x a c t l y  how much s p a c e  charge w i l l  b e  induced i n  a 
p a r t i c u l a r  ox ide  at  a  g iven  r a d i a t i o n  and b i a s  l e v e l  u n l e s s  c o n s i d e r a b l e  
e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  on t h a t  o x i d e .  Lacking such  d a t a ,  one can 
however make a  wors t -case  e s t i m a t e  o f  s p a c e  charge bui ld-up by u t i l i z i n g  
e x i s t i n g  models f o r  s p a c e  charge fo rmat ion  and p u b l i s h e d  d a t a  on i r r a d i -  
a t e d  o x i d e s .  Extreme wors t -case  e s t i m a t e s  f o r  charge b u i l d  up as  a  
f u n c t i o n  o f  e l e c t r o n  f l u e n c e  i n  b o t h  t h e  0 . 4  ym and 1 . 0  ym MTS c a p a c i t o r s  
have been made and a r e  p l o t t e d  i n  F ig .  3.1.  These curves  a r e  e x t r a p o l a t e d  
from charge bu i ld -up  d a t a  measured on d ry  oxygen p r e p a r e d  the rmal  o x i d e s  
i r r a d i a t e d  under  +4 V b i a s  w i t h  20 keV e l e c t r o n s .  The f o l l o w i n g  assump- 
t i o n s  a s s u r e  t h a t  t h e  curves  o f  Fig .  3 . 1  a r e  w o r s t  c a s e .  

1. The MTS c a p a c i t o r  ox ides  were  p r e p a r e d  from wet  oxygen. Wet 
oxygen o r  steam-grown ox ides  g e n e r a l l y  e x h i b i t  l e s s  charge bui ld-up 
d u r i n g  i r r a d i a t i o n  than  do even t h e  most r a d i a t i o n  r e s i s t a n t  ox ides  grown 
i n  a dry oxygen environment.  

2 .  Twenty keV e l e c t r o n s  d i s s i p a t e  more energy and t h e r e b y  produce 
more i o n i z a t i o n  damage i n  SiO hav ing  a  f i l m  t h i c k n e s s  l e s s  t h a n  l Lirn 

2 
than do h i g h e r  energy e l e c t r o n s .  Most o f  t h e  e l e c t r o n s  i n  t h e  PITS r a d i -  
a t i o n  environment  have e n e r g i e s  w e l l  i n  e x c e s s  o f  20 keV. 

3. The d a t a  o f  F ig .  3 .1  were  e x t r a p o l a t e d  from +4 V t o  40 V and 
+60 V b i a s e s  assuming a  l i n e a r  b i a s  dependence w i t h  no p r o v i s i o n  for 
t r a p  s a t u r a t i o n .  I n  r e a l i t y  t h e  dependence of charge bui ld-up on a p p l i e c i  

b i a s  i s  l e s s  than  l i n e a r - - b e i n g  c l o s e r  pe rhaps  t o  v1I2. This  i s  p a r t i c -  
u l a r l y  t r u e  at  h i g h  b i a s  l e v e l s  and i n  steam-grown o x i d e s  as  h o l e  t r aps  
become s a t u r a t e d .  

4. No c o r r e c t i o n  h a s  been made f o r  charge a n n e a l i n g  a l though  con- 
s i d e r a b l e  a n n e a l i n g  can o c c u r  o v e r  long  p e r i o d s  o f  low f l u x  i r r a d i a t i o n .  
The o r i g i n a l  d a t a  were  t aken  over  a r e l a t i v e l y  s h o r t  t ime i n t e r v a l  a t  a 
much h i g h e r  f l u x  and consequen t ly  i n c l u d e  much l e s s  charge a n n e a l i n g  
than  would b e  expec ted  i n  t h e  MTS environment .  

F o r t u n a t e l y ,  some charge bui ld-up d a t a  are a v a i l a b l e  on an e l e c t r o n -  
i r r a d i a t e d ,  steam-grown Elonsanto ox ide  and t h e  measured s p a c e  charge i s  
s u b s t a n t i a l l y  below t h a t  i l l u s t r a t e d  i n  Fig .  3 .1 .  These d a t a  were  also 
t aken  a t  RTI (Oct.  1968) d u r i n g  t h e  performance o f  NASA C o n t r a c t  NASL-8156 
( though n o t  r e p o r t e d  i n  r e f .  3 . 9 ) .  Here s e v e r a l  MOS samples h a v i n g  0 . 6 8  ym 

o x i d e s  were  i r r a d i a t e d  at b i a s e s  up t o  +8V w i t t  abou t  4 x 1013 e l e c t r o n s /  

cm2 a c c e l e r a t e d  through 10 keV. These d a t a  a r e  more c o n s i s t e n t  wit11 a 

V1I2 o r  b i a s  dependence and w i t h  t h e  lower  r a d i a t i o n  s e n s i t i v i t y  
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normal ly  observed i n  s t e a m  grown o x i d e s .  Based on t h e s e  charge  bui ld-up 
d a t a  and t h a t  r e p o r t e d  i n  r e f .  3.6 f o r  an RTI  steam-grown o x i d e ,  a  secand  
s e t  o f  curves  has  been p r e p a r e d  f o r  0 . 4  pm and 1 pm o x i d e s  b i a s e d  a t  4- 4C 
and + 60 V ,  r e s p e c t i v e l y  ( s e e  F ig .  3 . 2 ) .  These curves  a r e  much more 
c h a r a c t e r i s t i c  o f  r a d i a t i o n - i n d u c e d  p o s i t i v e  s p a c e  charge bui ld-up ir 
steam-grown SiO and s h o u l d  r e p r e s e n t  a  more r e a l i s  t i c  e s t i m a t e  o f  charge 

2 
fo rmat ion  i n  t h e  MTS c a p a c i t o r s .  dowever, s i n c e  t h e s e  ox ides  and those 
of  t h e  MTS c a p a c i t o r s  were  n o t  p r e p a r e d  s i m u l t a n e o u s l y ,  t h e r e  may b e  some 
d i f f e r e n c e  i n  r a d i a t i o n  s e n s i t i v i t y .  

Ilaving e s t a b l i s h e d  e s t i m a t e s  f o r  t h e  ox ide  s p a c e  charge a s  a f u n c t i o n  
of f l u e n c e  o r  t ime i n  s p a c e ,  one i s  now p r e p a r e d  t o  c o n s i d e r  t h e  e f f e c t s  
t h i s  s p a c e  charge  w i l l  have on t h e  MTS c a p a c i t o r s  and t h e i r  o p c r a t r o n  as 
micrometeoroid  d e t e c t o r s .  E f f e c t s  t h a t  must b e  cons idered  a r e :  1) capac:- 
t a n c e  changes ; 2 )  spontaneous  d i s  charge ,  and 3) i n c r e a s e d  l e a k a g e  crrrren ts 
o r  d i e l e c t r i c  breakdown. S e c t i o n s  I V  and V of t h i s  r e p o r t  a r c  addressed 
t o  t h e  l a t t e r  two phenomena; s e c t i o n  III r u l e s  o u t  t h e  f i r s t  as a problem 
i n  t h e  MTS c a p a c i t o r s .  

The E f f e c t  o f  Charge S e p a r a t i o n  Upon D e t e c t o r  Capac i t ance ,  - Tile 
c a p a c i t a n c e  v e r s u s  v o l t a g e  (C-V) c h a r a c t e r i s t i c  i s  one o f  t h e  more u s e f u l  
p r o p e r t i e s  of c o n v e n t i o n a l  IIOS s t r u c t u r e s  s i n c e  i t  a l lows  one t o  measure 
t h e  s i l i c o n  s u r f a c e  p o t e n t i a l  and t o  c h a r a c t e r i z e  any s p a c e  charge presene  
i n  t h e  o x i d e  o r  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e .  A s h a r p  reduction i n  t h e  
c a p a c i t a n c e  o f  an PiOS s t r u c t u r e  o c c u r s  as t h e  s i l i c o n  s u r f a c e  layer i s  
d e p l e t e d  and a  d e p l e t i o n  c a p a c i t a n c e ,  CD,  i s  i n s e r t e d  i n  s e r i e s   wit!^ rile 

l a r g e r  o x i d e  c a p a c i t a n c e ,  C . Obviously ,  a l a r g e  and sudden c a p a c i t x - ~ c e  
O X  

change o c c u r r i n g  i n  t h e  f i x e d  b i a s  MTS c a p a c i t o r s  a s  t h e  ox ide  s p a c e  chargc 
reaches  t h e  l e v e l  n e c e s s a r y  f o r  s u r f a c e  d e p l e t i o n  would b e  u n d e s i r a b ?  e. 
However, s i n c e  t h e s e  dev ices  were  p r e p a r e d  on v e r y  h i g h l y  doped (-005 R-crn; 
s u b s t r a t e s ,  maximum d e p l e t i o n  r e g i o n  w i d t h s  ( -  0 . 0 1  vm) w i l l  be  quite s m a i -  
i n  comparison w i t h  o x i d e  t h i c k n e s s  [ r e f .  3.101. Maximum c a p a c i t a n c e  var--- 
a t i o n s  r e s u l t i n g  form r a d i a t i o n - i n d u c e d  changes i n  t h e  s i l i c o n  s u r f a c e  
p o t e n t i a l  w i l l  be  l e s s  than  1% and can b e  s a f e l y  n e g l e c t e d .  
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SECTION I V  

SPONTASIEOUS DIS Cl34LRGE 

Spontaneous d i s c h a r g e  d e s c r i b e s  t h e  p o s s i b i l i t y  t h a t  t h e  i n t e r n a l  
s p a c e  charge  t h a t  b u i l d s  up i n  t h e  ox ide  under i r r a d i a t i o n  can c r e a t e  
i n t e r n a l  e l e c t r i c  f i e l d s  i n  e x c e s s  of t h e  breakdown s t r e n g t h  o f  the o x i d e ,  
caus ing  ava lanche  breakdown and d i s c h a r g e .  Assuming b l o c k i n g  c o n t a c t s  at 
t h e  i n s u l a t o r - m e t a l  boundary,  t h e  i n t e r n a l  s p a c e  charge cannot  b e  neutral.- 
i z e d  by i n j e c t i o n .  Thus,  we a r e  i n t e r e s t e d  i n  t h e  r a t e  o f  s p a c e  c:harge 
bu i ld -up ,  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s p a c e  charge and t h e  p o i n t  at 
which t h e  i n t e r n a l  f i e l d  a t  any p o i n t  exceeds t h e  f i e l d  s t r e n g t h  of fthe 
i n s u l a t o r .  

For SiO we know t h a t  a  p o s i t i v e  charge b u i l d s  up n e a r  the s i l - i c o n -  
2 

SiO i n t e r f a c e  when t h e  MOS d e v i c e  i s  p e n e t r a t e d  by n u c l e a r  racl~.atiori  
2 

( b e t a ,  gamma, x-ray,  p r o t o n ) .  The s p a t i a l  d i s t r i b u t i o n  i s  n o t  linowc. 
However, w e  w i l l  p roceed  w i t h  a g e n e r a l  model t o  e s t i m a t e  t h e  c h a r a c t e r -  
is t i c s  o f  t h e  problem. 

Consider  t h e  s p a c e  charge l a y e r  shown i n  Fig .  4 .1 .  

F i g u r e  4 . 1 .  Geometry f o r  t h e  Ana lys i s  
o f  Space Charge Bui ldup 
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W e  w i l l  c o n s i d e r  c i r c u l a r  symmetry. To c a l c u l a t e  t h e  i n t e r n a l  e l e c t r i c  
f i e l d  we assume t i le  c u r r e n t  d e n s i t y  i n  t h e  o x i d e ,  J ,  i s  zero.  Thus,  

where 
V i s  t h e  p o t e n t i a l  a t  t h e  p o s i t i o n ,  x, 

p i s  t h e  o x i d e  charge d e n s i t y ,  and 

E is t h e  d i e l e c t r i c  c o n s t a n t  f o r  t h e  ox ide .  

For  a  one-dimensional problem, 

Using t h e  boundary c o n d i t i o n s  

V(0) = 0 ,  V(d) = -V and 5 = EE 
a 

i s  cont inuous  a t  x = d y i e l d s  
1 ' 

v x 
2  = 

a pdl v(x)  = - - - - 
d 2 ~ d  

x f -  
2 E d  1 -  < x < d  - . 

The e l e c t r i c  f i e l d  i s  of primary i n t e r e s t  and i s  g iven  by 



Figure  4 . 2 .  Net I n t e r n a l  E l e c t r i c  F i e l d  Under An 
Appl ied Vol tage ,  'a ' and a Layer  of 

Space Charge D e n s i t y ,  p , L o c a l i z e d  
Between 0 and dl  

The shape  o f  t h e  i n t e r n a l  f i e l d  i s  shown i n  F ig .  4 . 2 .  

For o u r  problem we s h o u l d  c o n s i d e r  

where 11 i s  t h e  t o t a l  number of charges  i n  t h e  r e g i o n  0  x  - 
< dl 

d i s t r i b u t e d  un i fo rmly  o v e r  a r e a  A. It w i l l  b e  conven ien t  t o  use the 
concept  o f  charge p e r  u n i t  a r e a  N (E N/A) s o  t h a t  

S 

Thus , 
4 N s  dl v - a E(x) = - x - -  

d  +d O < x < d  - (h-12) 
dlc 

- 1 

an d  
Va qiu' d  

E(x) = - s 1 
d  

+- 
2 ~ d  . 



S i n c e  we a r e  i n t e r e s t e d  i n  spontaneous  d i scharge ,  t h e  l o c a l  e l e c t r i c  
f i e l d  must exceed t h e  breakdown f i e l d  s t r e n g t h  i n  t h a t  r eg ion .  We will 
assume t h a t  f o r  N = 0 t h e r e  is no breakdown o r  t h a t  V I d  i s  s m a l l  

s a 
compared t o  t h e  f i e l d  n e c e s s a r y  t o  i n i t i a t e  d i s c h a r g e  i n  any r e g i o n .  This 
assumption s a y s  t h a t  t h e  c l e a r i n g  v o l t a g e  i s  l a r g e  w i t h  r e s p e c t  t o  the 
o p e r a t i n g  v o l t a g e  ( t h e  c l e a r i n g  v o l t a g e  i s  t h a t  v o l t a g e  t o  which the 
c a p a c i t o r  h a s  been s u b j e c t e d  d u r i n g  manufacture  i n  an o p e r a t i o n  desigmed 
t o  remove weak s p o t s  i n  t h e  o x i d e ) ,  For t h e  c a p a c i t o r s  t o  be  flown on 
kITS t h i s  assunlption i s  marg ina l .  The 0 . 4  pm o x i d e  c a p a c i t o r s  have beell 
c l e a r e d  t o  85 v o l t s  and a r e  o p e r a t e d  a t  40 v o l t s ;  t h e  1 .0  pm o x i d e  capa- 
c i t o r s  have been  c l e a r e d  t o  150 v o l t s  and a r e  o p e r a t e d  a t  60 v o l t s .  Low 
v o l t a g e  d i s c h a r g e s ,  s i m i l a r  t o  t h o s e  t h a t  o c c u r  d u r i n g  c l e a r i n g ,  a r e  
expec ted  t o  o c c u r  i f  t h e  r a d i a t i o n  induced s p a c e  charge b u i l d s  up an 
i n t e r n a l  f i e l d  exceed ing  t h a t  p l a c e d  a c r o s s  t h e  c a p a c i t o r  d u r i n g  c l e a r i n g ,  

The maximum e l e c t r i c  f i e l d  w i l l  o c c u r  a t  x = 0 f o r  t h e  uniform 
d i s t r i b u t i o n  and dl < d. 

qNs 
V 

E = X ( O )  = - - - -  a + - .  
max ~d d  

Thus, f o r  t h e  above assumptions  o u r  pr imary concern i s  

E = - -  
max 

v 
a 

where - h a s  been n e g l e c t e d .  There a r e  two extremes : ( I )  dl i-< d f o r  
d 

which 

and (2)  d, = d f o r  which 

t - - - - -  
max E 
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E = - - .  
max 2 E 

Assuming N t o  be  t h e  same i n  b o t h  s i t u a t i o n s ,  t h e  maximum f i e l d  d i f f e r s  
S 

by o n l y  112 f o r  t h e s e  two extreme d i s t r i b u t i o n s .  With o n l y  a f a c t o r  o f  
two i n v o l v e d ,  t h e  s p a t i a l  d i s t r i b u t i o n  i s  n o t  c r u c i a l  t o  t h e  deter jn inat ior i  
o f  t h e  maximum i n t e r n a l  f i e l d .  However, we w i l l  f i n d  t h a t  i t  i s  very  
impor tan t  i n  de te rmin ing  t h e  c h a r a c t e r i s  t i c  o f  a d i s c h a r g e  e v e n t  a s  
d e t e c t e d  by c u r r e n t  flow i n  t h e  e x t e r n a l  c i r c u i t .  

F i g u r e  4 . 3  shows t h e  dependence o f  t h e  maximum e l e c t r i c  f i e l d  / E 
max 





upon t h e  charge d e n s i t y  1V . W e  w i l l  f i n d  i t  conven ien t  t o  use  the 
S 

r e s u l t s  o f  F ig .  4 . 3  t o  e s t i m a t e  t h e  p e r f o r n a n c e  o f  a  SiO d i e l e c t r i c  i n  2  
a  n u c l e a r  r a d i a t i o n  environment.  However, t o  f u l l y  a n a l y z e  t h e  spoe- 
taneous  d i s c h a r g e  e v e n t ,  an e s t i m a t e  o f  t h e  s p a c e  charge s p a t i a l  distri- 
b u t i o n  w i l l  b e  o b t a i n e d  b e f o r e  p roceed ing .  

We w i l l  e s t i m a t e  t h e  e x t e n t  o f  t h e  s p a c e  charge  r e g i o n  by consideriilg 
t h e  d i f f e r e n c e  i n  mean f r e e  p a t h  o f  t h e  i o n i z e d  e l e c t r o n s  and h c l e s .  The 
mean f r e e  p a t h ,  L ,  i s  given by 

where 
?.I i s  t h e  c a r r i e r  m o b i l i t y ,  

T i s  t h e  f r e e  c a r r i e r  l i f e t i m e ,  and 

E i s  t h e  f i e l d  i n  which t h e  c a r r i e r  d r i f t s .  
v 

a  
During e a r l y  s p a c e  charge b u i l d u p  t h e  e l e c t r i c  f i e l d  i s  -* 

d "  
thus  w e  w i l l  

c a l c u l a t e  a minimum mean f r e e  p a t h .  Using v a l u e s  o b t a i n e d  by Goodman 
-9 2 

where ?.I r : 10 cm / v o l t  a n d u  r 2 1 0 - ~ ~ c m ~ / v o l t  y i e l d s  
n  n  P P 

-10.- 
L = 1 0  t cm. (4-20)  

P  

Our b a s i c  assumptions  concern ing  t h e  r a d i a t i o n  induced  s p a c e  cks rge  
a r e  : 

1 )  Uniform i o n i z a t i o n  of h o l e  a l e c t r o n  p a i r s  th roughout  t h e  
SiO f i l m ;  

2 
2) A l l  i o n i z e d  c a r r i e r s  t r a v e l  t h e i r  mean f r e e  p a t h  b e f o r e  

b e i n g  t r a p p e d ;  

3) Trapping predominates  o v e r  recombina t ion ,  

4 )  D i f f u s i o n  of f r e e  c a r r i e r s  i s  n e g l i g i b l e .  

Under t h e s e  assumptions  t h e  model is r a t h e r  t r i v i a l  J however, i t  r e p r e s e n t s  
t h e  c o n d i t i o n s  f o r  s p r e a d i n g  t h e  charge o v e r  t h e  maximum d i s t a n c e .  Relax- 
i n g  any of t h e  above assumptions  compl ica tes  t h e  model and t e n d s  to r e s t r i c t  
t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  s p a c e  charge.  To remove a l l  t h e  assump- 
t i o n s  would r e s u l t  i n  a  complete ly  g e n e r a l  s o l u t i o n ,  b u t  s o  f a r  thac 
problem h a s  proven t o  b e  i n s o l u b l e .  



F i g u r e  4 . 4 .  R a d i a t i o n  i n d u c e d  
Space Charge 
Regions 

Although a  complete  a n a l y s i s  i s  n o t  a v a i l a b l e ,  t h e  s i m p l e  model  can 
c r u d e l y  i l l u s t r a t e  t h e  s p a t i a l  dependance upon t h e  mean f r e e  p a t h s  n f  the 
charge  c a r r i e r s .  Cons ide r  F i g .  4.4 where L  >> L and Ln < d  ( d  i s  tlhe 

n  
sample  t h i c k n e s s  ) . P 

There  w i l l  b e  a p o s i t i v e  s p a c e  charge  o v e r  a  r e g i o n ,  Ln, and a nega-- 

Live s p a c e  charge  o v e r  t h e  r e g i o n ,  L n e a r  t h e  e l e c t r o d e  w i t h  the posi- 
P ' 

t i v e  p o t e n t i a l .  I n  t h e  i n t e r v e n i n g  r e g i o n  n  = p  and recombina t ion  
p redomina tes .  I n  t h e  s p a c e  charge  r e g i o n s  t h e r e  i s  a  d e f i c i e n c y  and 
t r a p p i n g  p redomina tes  t o  y i e l d  t h e  s p a c e  charge .  A s  t h e  a p p l i e d  e l ee t rLc  
f i e l d  i s  i n c r e a s e d ,  t h e  s p a c e  charge  l a y e r s  w i l l  grow and when L = $ t h e  

19 

p o s i t i v e  l a y e r  w i l l  r e a c h  a  maximum and t h e  o v e r l a p p i n g  r e g i o n ,  LD, will 

b e  n e u t r a l i z e d .  Thus, we may o b t a i n  a  s p a c e  charge  o v e r  on ly  a  portion 
o f  d. Idhen Ln f L = d ,  t h e  maximum s p a t i a l  e x t e n t  e x i s t s .  A s  the 

P 
v o l t a g e  is  f u r t h e r  i n c r e a s e d  t h e  s p a c e  charge  l a y e r  i s  n e u t r a l i z e d  m; i l  
L = d  where t h e  i n t e r n a l  s p a c e  charge  s h o u l d  a g a i n  b e  n e u t r a l i z e d  

P  
th roughout .  Assuming d  = 1 . 0  pm and L 10  L , t h e  s p a c e  charge  s l iou ld  

n  P 
e x t e n d  from t h e  s i l i c o n  i n t e r f a c e  t o  0.9d f o r  an a p p l i e d  f i e l d  of  approx i -  
mate ly  10 v o l t s .  For  t h e  i n t e n d e d  o p e r a t i o n  of  60 v o l t s  b i a s  the space 
charge  would b e  n e u t r a l i z e d  t o  L  0.6 pm o r  a s p a c e  charge  r e g i o n  of 

P 
0 . 4  pm. We w i l l  p roceed  w i t h  t h e  w o r s t  c a s e  assumpt ion of a s p a t i a l  
d i s t r i b u t i o n  th roughout .  

For t h e  0 , 4  pm S i 0 2  l a y e r  o p e r a t e d  a t  40 v o l t s  b o t h  L and L are 
n  ~3 

g r e a t e r  t h a n  t h e  o x i d e  t i l i c k n e s s .  Thus, t h e  s i m p l e  model predic i rs  a roT- 
p l e t e l y  n e u t r a l i z e d  s p a c e  charge .  C l e a r l y  a  w o r s t  c a s e  a n a l y s i s  w a r l l a  Zse 
t h e  maximum s p a c e  charge  d e n s i t y  ex tended  th roughout  t h e  sample ,  This i s  
more r e a s o n a b l e  than  o u r  r e s u l t  o f  complete  n e u t r a l i z a t i o n  which conf l i ces  
w i t h  o b s e r v a t i o n  ( s e e  Fig .  3 . 2 ) .  Compet i t ion between t r a p p i n g  and 



recombinat ion f o r  L + Ln d  c e r t a i n l y  r e t a r d s  n e u t r a l i z a t i o n .  Therefore, 

f o r  our  p r e s e n t  problem we w i l l  assume t h a t  t h e  r a d i a t i o n  induced space 
charge r e f e r r e d  t o  t h e  s i l i c o n  i n t e r f a c e  by a  MOS c a p a c i t a n c e  measurement 
i s  uniformly d i s t r i b u t e d  th roughout  t h e  volume of t h e  SiO l a y e r .  2 

To proceed w i t h  t h e  a n a l y s i s  o f  spontaneous  d i s c h a r g e  we w i l l  
c o n s i d e r  e a r l i e r  r e s u l t s  p r e s e n t e d  by Montei th  [ r e f .  4.11. The tran- 
s i e n t  a c r o s s  t h e  l o a d  r e s i s t o r  i n  F ig .  4 . 5  can b e  ana lyzed  by c a l c u l a t i n g  
t h e  e x t e r n a l  charge t r a n s f e r  r e s u l t i n g  from spontaneous  d i s c h a r g e *  The 
a p p l i e d  v o l t a g e ,  Va,  i s  n e g l e c t e d  c o n s i s t e n t  w i t h  o u r  p r e v i o u s  d i s c u s s i o n ,  

When / E 1 i s  l a r g e  enough t o  i n i t i a t e  breakdown a t  t h e  s u r f  a c e ,  the max 
v a l u e  of charge l i b e r a t e d  can range from t h e  t o t a l  s p a c e  charge  i n  t h e  
sample t o  on ly  an i n f i n i t e s i m a l  volume o f  charge i n  t h e  r e g i o n  n e a r  an 
i s o l a t e d  d e f e c t .  For a l o c a l i z e d  breakdown t h e  amount o f  charge liber- 
a t e d  is  probab ly  c o n f i n e d  t o  t h e  r e g i o n  n e a r  t h e  d e f e c t  s i n c e  the remain- 
d e r  of t h e  SiO f i l m  i s  n o t  s u b j e c t e d  t o  e i t h e r  t h e  l o c a l i z e d  f i e l d  o r  

2 
t h e  reduced f i e l d  s t r e n g t h  a s s o c i a t e d  w i r h  d e f e c t .  Also t h e  c l e a r i n g  
o p e r a t i o n  t o  p r e p a r e  t h e  l a r g e  s u r f a c e  SiO d e t e c t o r s  i s  f u r t h e r  evidence 2 
f o r  l o c a l i z e d  breakdown. Thus,  i t  i s  expec ted  t h a t  d e f e c t  breal<down may 
be  approximated by assuming a v a r i a b l e  f i e l d  s t r e n g t h  and a  v a r i a b l e  
volume of l i b e r a t e d  charge  i n  t h e  spontaneous  d i s c h a r g e  e v e n t .  To do 
t h i s  c o n s i d e r  Fig. 4.6 where o n l y  a  p o r t i o n  o f  t h e  s e n s o r  i s  irradiateecl  
and breakdown o c c u r s  i n  a  volume l e s s  than o r  e q u a l  t o  t h e  i r r a d i a t e d  
vo lume . 
---------- 

Ref. 4 .1 .  L. K .  Monte i th ,  "Study of  E l e c t r o n  I r r a d i a t i o n  E f f e c t s  
on Capaci tor--Type hlicrometeoroid D e t e c t o r s  ," F i n a l  
Report  NAS1-3892, June 1965. 

F igure  4.5.  C i r c u i t  f o r  t h e  A n a l y s i s  o f  E x t e r n a l  
Charge T r a n s f e r  During Spontaneous D i s  chaz-ge 



S i l i c o n  

d  = t h i c k n e s s  of SiO 
2 

d  = depth of d i s c h a r g e  
2 

A = a r e a  o f  MOS c a p a c i t o r  

A = a r e a  of i r r a d i a t i o n  
1 

A = a r e a  of d i s c h a r g e  
2 

F i g u r e  4 . 6 .  Geometry f o r  C a l c u l a t i n g  t h e  Magnitude 
of Spon teneous  Discharge 

Assuming t h a t  the maximum e x t e n s i o n  of t h e  d i s c h a r g e  r e g i o n  p a r a l l e l  
t o  t h e  e l e c t r o d e s  i s  g r e a t e r  than  t h e  t h i c k n e s s  o f  t h e  SiO 2 ( d 2  > d) 

p e r m i t s  one t o  c o n s i d e r  t h e  v a r i o u s  r e g i o n s  of t h e  s t r u c t u r e  i n d e p e n d e n t l y ,  

I f  breakdown o c c u r s  t o  t h e  s i l i c o n  and removes a  volume 4, d o f  2 2 



s p a c e  charge ,  t h e  s u r f a c e  charge d e n s i t y  o v e r  a r e a  A on t h e  aluminum 
2 

e l e c t r o d e  can b e  o b t a i n e d  b e f o r e  and a f t e r  t h e  spontaneous  d i s c h a r g e  
e v e n t .  I f  t h e  l i b e r a t e d  charge i s  assumed t o  recombine i n  t h e  s i l i c o n  
i n  z e r o  t ime ,  t h e  d i f f e r e n c e  between t h e  v a l u e s  of s u r f a c e  charge densiiLj7 
o v e r  a r e a  A on tlie aluminum b e f o r e  and a f t e r  t h e  d i s c h a r g e  e v e n t  repre- 

2 
s e n t s  t h e  charge which must b e  t r a n s f e r r e d  from t h e  aluminum t o  t h e  
s i l i c o n  through l o a d  r e s i s t o r ,  %, t o  reach an e q u i l i b r i u m  s t a t e  o f  

charge d i s t r i b u t i o n .  S i n c e  D i s  cont inuous  a c r o s s  t h e  boundary als 
X 

x  = 0 ,  t h e  magnitude o f  t h e  s u r f a c e  charge d e n s i t y  o v e r  A b e f o r e  break- 
down (a ) on t h e  aluminum i s  

2 
B 

For t h e  s t a t e d  assumptions  t h e  magnitude o f  t h e  s u r f a c e  charge d e n s i t y  
o v e r  A a f t e r  breakdown (a ) on t h e  aluminum i s  

2 A 

where lJ is t h e  s p a c e  charge p e r  u n i t  a r e a  a f t e r  t h e  d i s c h a r g e .  We 
S  A 

shou ld  r e a l i z e  t h a t  N + N ' however, t h e  number d e n s i t y  i s  t h e  same or 
S SA'  

charge which must b e  t r a n s f e r r e d  from t h e  aluminum t o  t h e  s i l i c o n  as a 
r e s u l t  o f  t h e  breakdown is  

The b1OS d e v i c e  is  a c a p a c i t o r  and t h e  v o l t a g e  developed by t h e  d i s c h a r g e  
e v e n t s  i s  given by 

where C is t h e  c a p a c i t a n c e  o f  t h e  NOS c a p a c i t o r  d e t e c t o r s  and t h e  voltage 
appears  a c r o s s  a  l o a d  r e s i s t o r ,  %, i n  t h e  e x t e r n a l  c i r c u i t .  The -value 



o f  VC is  determined by t = 0+ c o n d i t i o n s  a c r o s s  t h e  c a p a c i t o r  

a s s o c i a t e d  w i t h  t h e  d i s c h a r g e  o r  

Thus, V C ,  i s  g iven  by 

- 
vc - 

C 
I f  we i n t r o d u c e  t h e  concep t  o f  c a p a c i t a n c e  p e r  u n i t  a r e a ,  C = -- vields 

A A 

where u2 i s  t h e  volume a s s o c i a t e d  w i t h  t h e  d i s c h a r g e  e v e n t  and V is the  c 
c a p a c i t o r  volume. As d  o r  V d e c r e a s e s ,  t h e  v o l t a g e  developed l257 t h c  

2  2 
d i s c h a r g e  d e c r e a s e s .  The maximum v a l u e  f o r  V i s  g iven  by 

C 

-9 2 
where f o r  t h e  0 . 4  pm SiO d e v i c e  C = 7 . 7  x 10 f a r a d s / c m  arad Cor  the 

2 
-9 A 2  1 .0  pm d e v i c e  C = 3 . 1  x 1 0  fa rads /cm . Cons ider ing  t h e  l a t t e r  y i s l d s  

A 

-1 1 
= 2.6 x 10 N v o l t s .  (4-29) 

'C (max) s 

6  
R e f e r r i n g  t o  F ig .  4 .3 ,  a  f i e l d  o f  1 0  vo l t s / c in  is  produced by a  space 

12 -2 
charge of 4 x 1 0  cm . I f  a11  t h e  s p a c e  charge  is  l i b e r a t e d  i n  a d k s -  
charge e v e n t  under  t h e  s t a t e d  assumpt ions ,  t h e  v o l t a g e  a c r o s s  the ca?ac*- 
t o r  a t  t = O f  would b e  approx imate ly  100 v o l t s .  Cor responding ly ,  i f  a 

7 f i e l d  o f  1 0  v o l t s / c m  i s  r e q u i r e d  t o  i n i t i a t e  breakdown and a l l  the 
s p a c e  charge i s  l i b e r a t e d ,  t h e  v o l t a g e  a t  t - O+ would be  1000 volts, 
However, w i t h  i s o l a t e d  o r  d e f e c t  induced breakdown t h e  volume o f  charge 
l i b e r a t e d  i s  l i k e l y  t o  be  a  s m a l l  f r a c t i o n  o f  t h e  i n t e r n a l  space  charge 
and t h e  v o l t a g e  developed as a  r e s u l t  o f  t h e  breakdown w i l l  b e  much 
s m a l l e r  t h a n  t h e  above es timates . 



Extending t h i s  s i m p l e  model, we can o b t a i n  o t h e r  a t t r i b u t e s  of a 
r a d i a t i o n  induced breakdown e v e n t .  We may e a s i l y  ex tend  t h e  assumption 
of i n s t a n t a n e o u s  charge r e l e a s e  and c o n s i d e r  a  f i n i t e  t ime f o r  t h e  
r e l e a s e  and recombinat ion p r o c e s s .  With a  f i n i t e  t ime  f o r  t h e  d i s  charge 
e v e n t  t h e  ampl i tude  o f  t h e  v o l t a g e  developed a c r o s s  t h e  c a p a c i t o r  will 
depend upon t h e  l o a d  r e s i s t a n c e  i n  t h e  e x t e r n a l  c i r c u i t ,  t h e  c a p a c i t a n c e  
o f  t h e  d e t e c t o r  and t h e  r a t e  of charge r e l e a s e  induced by breakdown, 
To i l l u s t r a t e  t h e  dependence o f  t h e  breakdown p u l s e  on t h e s e  pa ramete rs  
c o n s i d e r  t h e  use  where t h e  n e t  s u r f a c e  charge i n c r e a s e s  l i n e a r l y  with 
t ime u n t i l  a l l  t h e  l i b e r a t e d  charge h a s  reached  t h e  e l e c t r o d e  where t h e  
breakdown w a s  i n i t i a t e d .  Thus, 

where 

T is  t h e  n e t  s u r f a c e  charge p e r  u n i t  t ime and,  

T  r e p r e s e n t s  t h e  f i n i t e  t ime f o r  charge l i b e r a t i o n .  

The r e s u l t i n g  v o l t a g e  a c r o s s  t h e  c a p a c i t o r  due t o  t h e  n e t  s u r f a c e  icl~arge 
i s  

The v o l t a g e  a c r o s s  t h e  l o s s  r e s i s t o r  i s  t h e n  given by 

The maximum v a l u e  o f  V o c c u r s  f o r  t = T o r  when a l l  t h e  l i b e r a t e d  trapped 
% 

charge h a s  a r r i v e d  a t  t h e  e l e c t r o d e  t o  which t h e  breakdown o c c u r r e d ,  F o r  
t h e  t ime i n t e r v a l  T < t - < t h e  normal  RC c i r c u i t  a n a l y s i s  i n t r o d u c e d  
e a r l i e r  a p p l i e s  with-v r e p l a c e d  by V (T) .  From t h e  above a n a l y s f s  i t  4s 

C Z 
c l e a r  t h a t  t h e  d i s c h a r g e  e v e n t  f o r  a  f i n i t e  T behaves  as a  c u r r e n t  s o u r c e  
o f  TA and a c a p a c i t o r  charged t o   TAR^ v o l t s  a t  t = 0 i n  s e r i e s  w i t h  

opposing c u r r e n t s  th rough  I$,. C l e a r l y  f o r  T  >> I$C t h e  d i s c h a r g e  e v e n t  

behaves a s  a c u r r e n t  s o u r c e  and t h e  c a p a c i t i v e  e f f e c t  does n o t  p r o v i d e  a 
l i m i t a t i o n  on t h e  maximum induced v o l t a g e .  To p roceed  f u r t h e r  w i t h  t h i s  
a n a l y s i s  r e q u i r e s  a p h y s i c a l  d e s c r i p t i o n  o f  t h e  r a t e  o f  r e l e a s e ,  I-. 
Although a phenomenological  d i s c r i p t i o n  may b e  g i v e n ,  a  meaningful  e s  t i -  
mate is  n o t  a v a i l a b l e .  However, t h e  s a l i e n t  f e a t u r e s  of t h e  d i s c h a r g e  
e v e n t  a r e  obvious  from t h e  above d i s c u s s i o n .  



SECTION V 

The f i n a l  f a i l u r e  mode t o  be  c o n s i d e r e d  under t h i s  s t u d y  is  f a l l u r e  
t i ~ r o u g h  enhanced i n j e c t i o n  p r o c e s s e s  a t  tile s i l i c o n - o x i d e  i n t e r f a c e ,  
iL?le c u r r e n t  l i m i t i n g  p r o c e s s  i n  an MOS s t r u c t u r e  b i a s e d  w i t h  t h e  metal 
e l e c t r o d e  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  s i l i c o n  ( a s  is t r u e  f o r  Lhe 1105 
Fficrometeoroid D e t e c t o r  C a p a c i t o r s )  i s  Fowler-hordheim t u n n e l i n g  a t  ~ ' l e  
o x i d e - s i l i c o n  i n t e r f a c e .  The d e g r a d a t i o n  mechanism c o n s i d e r e d  i n  i l r i s  
s e c t i o n  i s  m o d i f i c a t i o n  of t h e  e l e c t r o d e  i n j e c t i o n  p r o p e r t i e s  s o  tLiat 

t h e  l e a k a g e  c u r r e n t  a c r o s s  t h e  c a p a c i t o r  i n c r e a s e s  w i t h  t ime of e v o s u r e  
t o  i r r a d i a t i o n .  E v e n t u a l l y  t h i s  p r o c e s s  l e a d s  t o  degraded performarrce 
and i n a b i l i t y  of t11e d e t e c t o r  t o  pe r fo rm i t s  micrometeoroid  c o u n r i ~ ~ g  
miss ion .  I n  t h e  p r e s e n t  c o n f i g u r a t i o n  each c a p a c i t o r  i s  i n  s e r r e s  w i k b  
a  1 Mil  r e s i s t o r .  I n i t i a l l y  tlle e f f e c t i v e  r e s i s t a n c e  of t h e  capacitor 
i s  much g r e a t e r  t h a n  t h a t  of t h e  s e r i e s  r e s i s t a n c e  s o  e s s e n t i a l l y  t ' i e  
f u l l  b i a s  v o l t a g e  appears  a c r o s s  t h e  c a p a c i t o r .  I f ,  however, the l e a k a g e  
c u r r e n t  through t h e  c a p a c i t o r  i n c r e a s e s  w i t h  i r r a d i a t i o n ,  t h e  e f f e c t i v e  
r e s i s t a n c e  o f  t h e  c a p a c i t o r  i s  reduced. This  p r o c e s s  can c o ~ l t i r r ~ e  11.i txi  
t h e  v o l t a g e  a c r o s s  tlle c a p a c i t o r  i s  a c t u a l l v  l e s s  t h a n  t h a t  a c r o s s  r i l e  
r e s i s t o r .  IJhen t h e  v o l t a g e  drop a c r o s s  t h e  c a p a c i t o r  i s  l e s s  tlim Lhe 
v a l u e  o f  t h e  d i s c h a r g e  v o l t a g e  r e q u i r e d  t o  t r i g g e r  t h e  coun t ing  c i r c u i  r 
(- 6 v o l t s  i n  t h e  p r e s e n t  d e s i g n ) ,  t h e  c a p a c i t o r  can no l o n g e r  pcrforrr  
i t s  i n t e n d e d  f u n c t i o n .  

Cliange of l e a k a g e  c u r r e n t  w i t h  i r r a d i a t i o n  i m p l i e s  a  change r tLLe 
i n j e c t i o n  p r o p e r t i e s  a t  the  o x i d e - s i l i c o n  i n t e r f a c e .  Although I n  tile 
p r e v i o u s  c h a p t e r  t h e  c o n t a c t s  t o  t h e  o x i d e  (bo th  t h e  s i l i c o n  and t h e  
meta l  c o n t a c t )  have been assumed to  be b l o c k i n g ,  t h i s  assuniption i n  
r e a l i t y  is a wors t -case  assumption.  Ample ev idence  e x i s t s  (such as t11c 
flow o f  p h o t o c u r r e n t  o r  t h e  a n n e a l i n g  o f  s p a c e  charge b u i l d u p  by 
subsequen t  i r r a d i a t i o n  a t  a  d i f f e r e n t  b i a s )  t o  p rove  t h a t  charge flows 
a c r o s s  t h e  o x i d e - s i l i c o n  i n t e r f a c e  d u r i n g  and a f t e r  i r r a d i a t i o n .  In 
a d d i t i o n  t h e  p r o p e r t i e s  o f  tlie c u r r e n t  f low reasonab ly  f i t  t h e  p r e d ~ c -  
t i o n s  o f  t h e  Fowler-~jordheim model, showing t h a t  t h e  c u r r e n t  l i r n L t a r  roc 
o r i g i n a t e s  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e  ( f o r  s i l i c o n  b i a s e d  n e g a t i v e l y  
w i t h  r e s p e c t  t o  t h e  m e t a l  e l e c t r o d e ) .  

The f a i l u r e  mechanism t o  b e  d i s c u s s e d  i n  t h i s  c h a p t e r  is t n  a  
c e r t a i n  e x t e n t  mutua l ly  e x c l u s i v e  w i t h  t h a t  o f  spontaneous  d i s c h a r g e  j u s t  
d i s c u s s e d  i n  S e c t i o n  I V .  Any i n t e r a c t i o n  which p e r m i t s  more e l e c t r o n  
c u r r e n t  t o  f low t l ~ r o u g h  t h e  b a r r i e r  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e  w i l l  
t end  t o  n e u t r a l i z e  t h e  s p a c e  charge t h a t  forms d u r i n g  i r r a d i a t i o n .  'This 
n e u t r a l i z a t i o n  minimizes t h e  p o s s i b i l i t y  o f  coun t ing  e r r o r  due ts rapid 
charge r e l e a s e  i n  a spontaneous  d i s c h a r g e  e v e n t  and adds i n s t e a d  a 
r e l a t i v e l y  low, cont inuous  component t o  t h e  l eakage  c u r r e n t  whicli has 
l i t t l e  chance of i n t r o d u c i n g  an e r r o r  i n t o  t h e  coun t ing  a c t i o n .  F o r  



g r e a t e s t  dev ice  l o n g e v i t y  t h e  p r e f e r r e d  i n t e r a c t i o n  o f  t h e  MOS Capac i to r  
D e t e c t o r  w i t h  i r r a d i a t i o n  i s  a  s l i g h t  i n c r e a s e  i n  l eakage  c u r r e n t ,  the reby  
minimizing t h e  charge b u i l d u p  d i s c u s s e d  i n  p r e v i o u s  s e c t i o n s .  This 
p r o p e r t y  i s  p o s s e s s e d  by many o t h e r  i n s u l a t o r s  a s  w e l l  a s  evapora ted  o r  
chemical ly  d e p o s i t e d  ox ide  l a y e r s .  P u b l i s h e d  r e p o r t s  o f  charge  accumu- 
l a t i o n  i n  such  l a y e r s  show f a r  l e s s  space  charge b u i l d u p  f o r  a  g iven 
exposure  t o  i o n i z i n g  r a d i a t i o n  than  does the rmal ly  grown s i l i c o n  o x i d e .  
U n f o r t u n a t e l y  one cannot have b o t h  a  r a d i a t i o n  h a r d  i n t e r f a c e  and a  
s t a b l e  d e v i c e  f o r  many contemporary a p p l i c a t i o n s ;  t h a t  i s ,  i f  one 
enhances e l e c t r o n  i n j e c t i o n  a t  t h e  i n s u l a t o r - s i l i c o n  i n t e r f a c e  s o  t h a t  
s p a c e  charge b u i l d u p  is  reduced under i r r a d i a t i o n ,  h e  a l s o  i n t r o d u c e s  an 
u n d e s i r e d  i n s t a b i l i t y  i n t o  dev ice  o p e r a t i o n .  A nonblocking i n t e r f a c e  
i n j e c t s  c u r r e n t  whether  t h e r e  is  a s p a c e  charge t o  b e  n e u t r a l i z e d  o r  n o t ,  
I n  t h e  absence o f  a s p a c e  charge t h e  i n j e c t e d  c a r r i e r s  then e i t h e r  oecome 
t r a p p e d  and form a  s p a c e  charge o f  t h e i r  own o r  c o n s t i t u t e  an a d d i t i o n a l  
loop  o f  c u r r e n t  f low. For  t h e  micrometeoroid  c a p a c i t o r  d e t e c t o r  consid- 
e r e d  h e r e ,  a  p o s i t i v e  s p a c e  charge i s  expec ted  t o  e x i s t  a d j a c e n t  t o  the 
o x i d e - s i l i c o n  i n t e r f a c e  and enhanced e l e c t r o n  i n j e c t i o n  from t h e  n e g a t i v z  Ly 
b i a s e d  s i l i c o n  would be  b e n e f i c i a l - - a t  l e a s t  i n i t i a l l y .  I f  t h e  i n j e c t i o n  
d e g r a d a t i o n  proceeds  beyond t h e  l e v e l s  r e q u i r e d  t o  main ta in  charge n e u t r a i -  
i z a t i o n ,  i t  then dominates t h e  dev ice  d e g r a d a t i o n  under i r r a d i a t i o n ,  

No i n f o r m a t i o n  appears  i n  t h e  l i t e r a t u r e  d e s c r i b i n g  t h e  change of 
c u r r e n t  f low through an MOS c-apac i to r  a s  a  f u n c t i o n  o f  e l e c t r o n  i r r a d i -  
a t i o n .  P r e v i o u s  RTI work h a s  shown t h a t  one consequence o f  i o n  imp ian -  
t a t i o n  o f  NOS c a p a c i t o r s  i s  t o  d e c r e a s e  t h e  e f f e c t i v e  r e s i s t i v i t y  01 t h e  
i n s u l a t o r .  This  i n t e r a c t i o n  accompanies r a d i a t i o n  h a r d e n i n g  o f  t h e  oxide 
and i s  c o n s i s  t e n t  w i t h  a  reduced b a r r i e r  t o  Eowler-Nordheim t u n n e l i n g  
as a r e s u l t  o f  tile i o n  i m p l a n t a t i o n .  That similar e f f e c t s  s h o u l d  occur 
w i t h  high energy e l e c t r o n s  i s  no t  unreasonab le  ( b u t ,  s o  f a r  as can b e  
determined,  h a s  n o t  been demons t ra ted) .  I n  t h i s  p rev ious  RTI work the 
magnitude o f  t h e  d e g r a d a t i o n  observed under s u b s t a n t i a l  doses of i o n  
bombardment w a s  no t  d e s t r u c t i v e  of t h e  c a p a c i t o r  s t r u c t u r e s .  I n  farzir, 
t h e  i o n  implanted ox ide  i s  a  b e t t e r  i n s u l a t o r  f o r  b u i l d i n g  an NOS capacS "1 tor 
d e t e c t o r  s o  f a r  a s  spontaneous  d i s c h a r g e  i s  concerned.  The p e n a l t y  rs 
an i n c r e a s e  i n  t h e  l e a k a g e  c u r r e n t  of eacn c a p a c i t o r  by one t o  two o r d e r s  
o f  magnitude.  Th is  i n c r e a s e  i n  l eakage  c u r r e n t  i s  t o l e r a b l e ,  s i n c e  ~t 
s h o u l d  n o t  a f f e c t  t h e  o p e r a t i o n  of t h e  d e t e c t o r s .  A r e a s o n a b l e  c r i i ze r icn  
f o r  d e t e r m i n i n g  when d e t e c t o r  o p e r a t i o n  i s  b e i n g  j e o p a r d i z e d  by i n c r e a s e d  
l e a k a g e  c u r r e n t  i s  a  v a l u e  o f  e f f e c t i v e  c a p a c i t o r  r e s i s t a n c e  e q u a l  t o  
10 En. This v a l u e  i s  t e n  t imes t h e  s e r i e s  r e s i s t a n c e  i n  t h e  p r e s e n t  
d e t e c t o r  package and g u a r a n t e e s  t h a t  v i r t u a l l y  a l l  of  t h e  a p p l i e d  v o l t a g e  
appears  a c r o s s  t h e  c a p a c i t o r  r a t h e r  t h a n  t h e  s e r i e s  r e s i s t o r .  A t  a b i a s  

o f  40 V t h e  p r e s e n t  d e t e c t o r s  e x h i b i t  l e a k a g e  c u r r e n t s  of lo- '  t o  10-" 
amps. I n c r e a s i n g  t h i s  l e a k a g e  c u r r e n t  by an o r d e r  of magnitude keeps 
t h e  e f f e c t i v e  r e s i s t a n c e  o f  t h e  c a p a c i t o r s  above t h e  10 Pffi  l i m i t ,  Two 
o r d e r s  o f  magnitude i n c r e a s e  i n  l eakage  c u r r e n t  ( p o s s i b l y  as h i g h  as 

l o M 5  A a t  40 V) would b e g i n  t o  be  n o t i c e a b l e  i n  t h e  d e t e c t o r  o p e r a t i o n  
and power requ i rements .  



Leakage  C u r r e n t  i n  t h e  MTS C a p a c i t o r .  - Tlze o x i d i z e d  c a p a c i  t o r  rro 
b e  used  on t h e  FITS c o n s i s t s  o f  a  thermal ly-grown s i l i c o n  o x i d e  d i e L e c L r i c  ~. 

P r e v i o u s  e x p e r i e n c e  w i t h  t h e s e  o x i d e s  shows them t o  b e  a  ma te r i a l .  01 h i g h  
p e r f e c t i o n  and e l e c t r i c  breakdown s t r e n g t h  e x c e p t  f o r  p i n h o l e s  CI'S W C S . ~  

s p o t s  s c a t t e r e d  t i i roughou t  t11ei.r b u l k .  These  i m p e r f e c t i o n s  dominate  the 
l e a k a g e  c u r r e n t  o f  t h e  c a p a c F t o r  u n t i l  t h e y  a r e  e l i m i n a t e d .  Many o f  Lhe 
c a p a c i t o r s  w i t h  0 . 4  um o x i d e  o r  less e x h i b i t  n e a r l y  ohmic ,  low r e s i s t a ? c e  
c h a r a c t e r i s  t i c s  be tween t h e  m e t a l  and s i l i c o n  e l i ~ c t r o d e s  immedia t e ly  
a f t e r  f a b r i c a t i o n .  These  c a p a c i t o r s ,  s e e m i n g l y  u s e l e s s ,  can b e  salvaged 
by a c l e a r i n g  o p e r a t i o n  which c o n s i s t s  o f  b l o w i n g  t i le  r e g i o n  o f  18s~ 
r e s i s t a n c e  o f f  t h e  c a p a c i t o r  i n  a s e l f - h e a l i n g  d i s c l i a r g e  e v e n t  quite 
s imi la r  t o  t h e  m i c r o m e t e o r o i d  i m p a c t  i t s e l f ,  The p r o c e d u r e  i s  to s l o w l y  
i n c r e a s e  t h e  d c  v o l t a g e  a c r o s s  t h e  c a p a c i t o r ,  presumably  crea t i i - ig  very 
h i g h  c u r r e n t  d e n s i t y  th rough  t h e  i n ~ p e r f e c t i o n  [ r e f .  5.  I]. E v e n t u a l l y  "he 
i n c r e a s i n g  c u r r e n t  c a u s e s  s u c h  a h i g h  t e m ~ e r a t u r e  a t  t h e  d e f e c t  that 
t h e r m a l  runaway o c c u r s  and t h e  rest o f  t h e  c a p a c i t o r  d i s c h a r g e s  tl-irough 
t h i s  na r row r e g i o n  i n  a d r a m a t i c ,  e x p l o s i v e ,  l i g h t  e m i t t i n g  d i s d l a r g e .  
The material  i n  t h e  p a t h  o f  t h e  c l i s cha rge  i s  v a p o r i z e d  s o  t h a t  tihe n e t  
e f f e c t  i s  t o  n e a t l y  remove t h i s  weak s p o t  from t h e  c a p a c i t o r ,  'IS1i.s p r o -  
c e d u r e  can b e  c a r r i e d  o u t  t o  h i g h e r  and h i g h e r  c l e a r i n g  v o l t a g e s  - m t i l  
a l l  weak s p o t s  are removed and t h e  b u l k  p r o p e r t i e s  o f  t h e  u n i f o r m  oxidc  
are r e a c h e d .  A t t empt s  t o  i n c r e a s e  t l i e  c l - e a r i n g  v o l t a g e  above t h i s  -va!ue 
are u n s u c c e s s f u l ,  and ,  i f  p u r s u e d ,  l e a d  t o  d e g r a d a t i o n  and d e s  t ruc : ion ,  

I n  t h e  p r o d u c t i o n  o f  t h e  c a p a c i t o r s  t o  b e  u s e d  on ?.ITS, t h e  c l e s r z n g  
o p e r a t i o n  h a s  been  c a r r i e d  o u t  t o  a v o l t a g e  be tween 2 and  3 t imes  me 
i n t e n d e d  o p e r a t i n g  v o l t a g e  o f  t l i e  d e t e c t o r .  F o r  b o t h  t h e  0 .4  1117 and tlhz 
1 . 0  urn d e t e c t o r s  t h i s  v a l u e  o f  c l e a r i n g  v o l t a g e  i s  w e l l  be low that  
n e c e s s a r y  t o  r e a c h  i n t r i n s i c  b u l k  o x i d e  b e h a v i o r ,  T h e r e f o r e ,  tilt l e a k a g e  
c u r r e n t  o f  t h e  o x i d e s  t o  b e  f lown on t h e  iWS as c a p a c i t o r  d e t e c t o r s  arc 
dominated  s t i l l  by t h e  p r o p e r t i e s  o f  i m p e r f e c t i o n s  o r  weak s p o t s  s c s i t e r e t l  
t h r o u g h o u t  t h e  b u l k  o f  t h e  o x i d e .  To p r e d i c t  how l e a k a g e  c u r r e n t ,  w lcn  
domina ted  by weak s p o t s ,  w i l l  d e t e o r i a t e  w i t h  i r r a d i a t i o n  r e q u i r c s  mob- -  
l e d g e  o f  t h e  c o n d u c t i o n  mechanisms c h a r a c t e r i z i n g  t h e  weal. s p o t .  ho 
a d e q u a t e  model o f  t h i s  c o n d u c t i o n  p r o c e s s  e x i s t s  a t  p r e s e n t .  T2e tnag~>:- 
t u d e  o f  t h e  d e t e r i o r a t i o n  can b e  e a s i l y  d e t e r m i n e d  e x p e r i m e n t a l l y ,  
however ,  as o u t l i n e d  i n  S e c t i o n  V I .  

The p r o p e r t i e s  o f  a d e f e c t  f r e e  o x i d e  are b e t t e r  u n d e r s t o o d  i n  tl~ar. 
an a d e q u a t e  model e x i s t s  t o  e x p l a i n  t h e  o b s e r v e d  c u r r e n t - v o l t a g e  proper- 
t i e s .  T h i s  model is  d e s c r i b e d  b r i e f l y  i n  t h e  n e x t  s e c t i o n .  

Fowler-Nordheim Plodel. - The c o n d u c t i o n  p r o p e r t i e s  o f  t h i n  d i e i e c t  r i  c 
f i l m s  h a v e  been  s t u d i e d  i n t e n s i v e l y  o v e r  t h e  p a s t  t e n  o r  f i f t e e n  y c a r s  
and c o n s i d e r a b l e  d a t a  h a v e  been  g a t h e r e d  on v a r i o u s  combina t ions  o f  ;iie-1- 
i n s u l a t o r - m e t a l  o r  s e m i c o n d u c t o r  s andwiches .  Only r e c e n t l y  , h o ~ ~ d e v e r ,  lias 
s u f f i c i e n t  u n d e r s t a n d i n g  and e x p e r i m e n t a l  f i n e s s e  been  a v a i l a b l -  t o  a l l o ~ ~ ~  
models  t o  r e a s o n a b l y  p r e d i c t  t h e  o b s e r v e d  b e h a v i o r .  



Curren t  f low tllrough t h e  i n s u l a t o r  of a  met a l - i n s  u la tor-semi  conduct0 r 
(MIS) sandwich can be  e i t h e r  b u l k  l i m i t e d  o r  e l e c t r o d e  l i m i t e d .  Tn t h e  
former  c a s e  t h e  c u r r e n t  f low observed  between t i le two m e t a l  e l e c t r o d e s  i s  
de te rmined  by t h e  b u l k  p r o p e r t i e s  o f  t h e  i n s u l a t o r  between them; I n  t h e  
l a t t e r  c a s e ,  t h e  i n t e r f a c i a l  b a r r i e r  l i m i t s  t h e  c u r r e n t  f low. While t h e s e  
l i m i t i n g  p r o c e s s e s  a r e  d i f f e r e n t  i n  o r i g i n ,  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  
t h e  d i f f e r e n t l y  l i m i t e d  sys tems do n o t  d i f f e r  g r e a t l y  s o  t h a t  d i s t i n -  
g u i s h i n g  t h e  b u l k  l i m i t e d  c a s e  from. t h e  b a r r i e r  l i m i t e d  c a s e  i s  by no  
means s t r a i g h t f o r w a r d  and s i m p l e .  

The NOS system,  c o n s i s t i n p  o f  m e t a l - o x i d e - s i l i c o n ,  i s  an e l e c t r o d e  
l i m i t e d  sys tem.  This  s t a t e m e n t  i m p l i e s  t h a t  t h e  d c  l e a k a g e  cur re r i t  
measured on any given 140s s t r u c t u r e  depends n o t  on t h e  b u l k  p r o p e r t i e s  
o f  t h e  o x i d e  b u t  upon t h e  i n t e r f a c e  between e i t h e r  t h e  m e t a l  and t h e  ox ide  
o r  t h e  o x i d e  and t i le s i l i c o n ,  depending on  t h e  b i a s  d i r e c t i o n .  Tile c a s e  
t o  be  c o n s i d e r e d  h e r e  is  t h a t  i n  which t h e  m e t a l  i s  b i a s e d  p o s i t i v e l y  
w i t h  r e s p e c t  t o  t h e  s i l i c o n  s o  t h a t  c u r r e n t  f low is  determined bj7 e l e c t r o n  
e j e c t i o n  from t h e  s i l i c o n  i n t o  t h e  conductioll  band o f  t h e  o x i d e  as pictured 
i n  F ig .  5 .1 .  Cur ren t  f low i s  through t h e  t h i n  o x i d e  b a r r i e r  s e p a r a t i n g  the 
s i l i c o n  from t h e  conduct ion band of  t h e  ox ide .  

Tunnel ing through an i n t e r f a c i a l  b a r r i e r  o f  t h i s  t y p e  i s  c a l l e d  
Fowler-Nordheim t u n n e l i n g ,  named a f t e r  t h e  i n v e s t i g a t o r s  who f i r s t  
d e s c r i b e d  t h e  model. An e x p r e s s i o n  d e s c r i b i n g  t h e  c u r r e n t  f low is  [ r e f ,  5.31: 

2 2  
J = (q-E 1 8 ~ h + ~ )  exp 

(5-1) 
-6 E2 

- - 1.54 x 10 7 312 
exp [-6.83 10 

+B 
~ . - l  I 

where 
2  

J i s  t h e  c u r r e n t  d e n s i t y  (A/cm ) , 
E i s  t h e  a p p l i e d  f i e l d  (Vlcm), 

>t 
n - i s  t h e  average  e f f e c t i v e  mass r a t i o  o f  
m 

e l e c t r o n s  t u n n e l i n g  through t h e  ox ide  fo rb idden  

band t o  t h e  f r e e  e l e c t r o n  mass, and 

+, i s  t h e  b a r r i e r  h e i g h t  a t  o x i d e - s i l i c o n  i n t e r f  a c e  (e7)  . 

This  e q u a t i o n  f i t s  t h e  e x p e r i m e n t a l  d a t a  r e a s o n a b l y  w e l l  f o r  an e f f e c t i v e  
mass r a t i o  between 0 .4  and 0 .5 .  l a e n  t h e  m e t a l  e l e c t r o d e  i s  b i a s e d  
p o s i t i v e l y  w i t h  r e s p e c t  t o  t h e  s i l i c o n ,  t h i s  model p r e d i c t s  t h a t  t h e  
c u r r e n t  f low i s  independen t  of t h e  type o f  m e t a l  used t o  make c o n t a c t  
s i n c e ,  under t h i s  d i r e c t i o n  o f  b i a s ,  t h e  e j e c t i o n  i s  from t h e  s i l i c o n  
i n t o  t h e  conduc t ion  band of  t h e  ox ide .  A b a r r i e r  h e i g h t  determined 
from photoemiss ion exper iments  o f  e l e c t r o n s  i n  the rmal  ox ide  i s  
4, = 3.25 e V  [ r e f .  5-21 ( t h e  doping of t h e  s i l i c o n  is  a l s o  expec ted  to 



lvle t a l  Oxi de S i  l i con 

F igure  5 .  I.. Fowler-Nordheim Tunnel ing a t  t h e  O x i  de- 
S i l i c o n  I n t e r f a c e ,  ?let a l  Biased  P0si . t  i v e L y  
w i t h  Respec t  t o  the S i l i c o n  [ r e f .  5.11 



be  unimportant  because  o f  t i l e  s e v e r e  band bending a s s o c i a t e d  w i t h  such 
h i g h  f i e l d s  ( s e e  F i g .  5 . 1 ) ) .  

>k 
m 

P u t t i n g  cp = 3.25 eV and - = 0.42 i n  eq.  5-1, y i e l d s  t h e  f o l l o w i n g  
B m 

r e l a t i o n  between c u r r e n t  d e n s i t y  and e l e c t r i c  f i e l d :  

-7E2 8 --1 
J = 4.74 x 10 exp [-2.59 x 10 k ] (5-2) 

Equa t ion  5-2 h o l d s  on ly  f o r  1vlOS s t r u c t u r e s  w i t h  t h e  m e t a l  b i a s e d  pos i -  
t i v e l y  w i t h  r e s p e c t  t o  t h e  s i l i c o n .  P l o t s  o f  t h i s  e q u a t i o n  o v e r  t h e  
r e g i o n s  i n  which i t  can be  compared w i t h  exper iment  a r e  given i n  Fi g, 5 , 2 ,  

2  1 
The Fowler Nordheini p l o t  [Rn(J/E ) vs i s  shown i n  F ig .  5 .2a ;  a plot 

i 

of Rn J vs  E appears  i n  Fig .  5.2b. l'he d a t a  p o i n t s  can b e  f i t t e d  t o  
eq.  5-2 q u i t e  w e l l .  

What is s i m i f i c a n t  f o r  t h e  MOS C a p a c i t o r  D e t e c t o r ,  however, i s  t h a t  
6 

t h e  p r e d i c t e d  l e a k a g e  c u r r e n t s  a t  t h e  planned o p e r a t i n g  f i e l d  o f  10 v o l t s /  
cm o r  l e s s  a r e  n e g l i g i b l y  s m a l l  ( o r d e r s  o f  magnitude l e s s  t h a n  what i s  
a c t u a l l y  o b s e r v e d ) .  The conc lus ion  i s  t h a t  t h e  l e a k a g e  c u r r e n t  o f  t 5 e  
PiOS D e t e c t o r  i s  dominated by l o c a l i z e d  d e f e c t s  r a t h e r  than Fowler- 
Nordlzeim c u r r e n t s .  

The c l e a r i n g  o p e r a t i o n  t o  which a l l  t h e s e  c a p a c i t o r s  have been 
s u b j e c t e d  f u r n i s h e s  a d d i t i o n a l  ev idence  f o r  t h e  e x i s t e n c e  of d e f e c t s ,  
The c l e a r i n g  o p e r a t i o n  as it i s  now c a r r i e d  o u t  ( t o  80 V f o r  t h e  0,4 yrrr 
o x i d e ;  150 V f o r  t h e  1 .0  1Jm ox ide)  e l i m i n a t e s  t h e  most s e v e r e  d e f e c t s ,  
That o t h e r  s m a l l e r  d e f e c t s  shou ld  remain a f t e r  t h e  c l e a r i n g  o p e r a t i o n  
t o  80 o r  150 v o l t s  i s  n o t  an unexpected r e s u l t .  The measurements o f  
l e a k a g e  c u r r e n t  t h a t  have been made s u g g e s t s  t h a t  t h e  l e a k a g e  c u r r e n t  
of t h e  c a p a c i t o r  a s  a  whole is  determined by what f lows through a Large 
number of t h e s e  l o c a l i z e d  r e g i o n s  of h igh  c u r r e n t  d e n s i t y .  

Even i f  t h e  Fowler-Nordheim model adequa te ly  d e s c r i b e d  t h e  lealcage 
c u r r e n t  o f  t h e  FfOS D e t e c t o r s ,  t h e  i n f l u e n c e  o f  i r r a d i a t i o n  upon such a 
s t r u c t u r e  is s t i l l  an unknown. No easy  s o l u t i o n  t o  t h e  problem o f  
r a d i a t i o n  i n f l u e n c e  i n  t h e  Fowler-Ilordheim model has  been worked o u t ,  

Summary. - Unders tanding o f  t h e  l eakage  c u r r e n t s  f lowing  i n  t h e  
&IOS C a p a c i t o r  D e t e c t o r  i s  poor .  For  s m a l l  a r e a ,  d e f e c t  f r e e  ox ides  
an adequa te  model e x i s t s ;  b u t  t h i s  model does n o t  apply  t o  t h e  MQS 
D e t e c t o r  whose l e a k a g e  c u r r e n t  i s  d e f e c t  dominated. The i n f l u e n c e  o f  
r a d i a t i o n  upon b o t h  t h e  d e f e c t - f r e e  and t h e  defect -dominated NOS s t r u c -  
t u r e  is  unknown. The magnitude o f  t h e  problem can b e  e a s i l y  determined 
e x p e r i m e n t a l l y  and t h i s  s o l u t i o n  i s  d e s c r i b e d  and recommended i n  
S e c t i o n  V I .  



b )  Semilog p l o t  

F i g u r e  5 .2 .  Cur ren t  E e n s i t i e s  P r e d i c t e d  by Eqs,  5, L 
and 5-2 f o r  MOS S t r u c t u r e  w i t h  t h e  Fletal 
a i a s e d  P o s i t i v e l y  w i t h  Respect  t o  the  
S i l i c o n  [ r e f .  5.21 
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SECTION V I  

CONCLUSIONS AID RE COPUENDAT IOLJS 

Ir, t h e  p r e c e d i n g  s e c t i o n s  t h e  e f f e c t  o f  charged n u c l e a r  p a l - ~ i c l e s  
upon t h e  e l e c t r i c a l  p r o p e r t i e s  o f  an MOS c a p a c i t o r  micrometeoroi d 
d e t e c t o r  h a s  been c o n s i d e r e d  i n  some d e t a i l .  The pr imary emphasrs has 
been upon s p u r i o u s  s i g n a l s  and c a t a s t r o p i c  f a i l u r e .  The s p u r i o u s  
s i g n a l s  have been termed "spontaneous  d i scharge" .  These s i g n a l s  are 
s i m i l a r  i n  a l l  r e s p e c t s  t o  t h e  d i s c h a r g e  a s s o c i a t e d  w i t h  t h e  p e n e t r a -  
t i o n  o f  a micrometeoroid .  T h e r e f o r e  i t  is  i m p e r a t i v e  t h a t  a c r i - i i ca l  
assessment  of t h e  spontaneous  d i s c h a r g e  s u s c e p t i b i l i t y  b e  ob ta ined . .  
I n  a d d i t i o n ,  p o s s i b l e  f a i l u r e  mechanisms s h o u l d  b e  i d e n t i f i e d  s o  that 
r e l i a b i l i t y  e x p e c t a t i o n s  can b e  o b t a i n e d  f o r  t h e  t ime i n t e r v a l  of t h e  
miss ion .  To p r o v i d e  a d e t a i l e d  assessment ,  t h e  e f f e c t s  of charged 
p a r t i c l e  r a d i a t i o n  have been d i v i d e d  i n t o  t h r e e  d i s t i n c t  c a t e g o r r e s :  
(1)  r a d i a t i o n  induced c o n d u c t i v i t y ,  (2) r a d i a t i o n  induced  s p a c e  charge,  
and (3) r a d i a t i o n  induced  damage ( l eakage)  . 

(1) R a d i a t i o n  induced c o n d u c t i v i t y  cou ld  r e p r e s e n t  a  p rob lc~n i f  
t h e  c o n d u c t i v i t y  was reduced such t h a t  t h e  v o l t a g e  a c r o s s  t h e  de~ec to : :  

6 
was reduced. S i n c e  t h e  d e t e c t o r  i s  i n  s e r i e s  w i t h  a  10 ohm r e s l s r o r ,  

7 
t h e  r e s i s t a n c e  o f  t h e  d e t e c t o r  must remain i n  e x c e s s  of 10 ohms i f  the 
a p p l i e d  v o l t a g e  is  t o  appear  e s s e n t i a l l y  a c r o s s  t h e  d e t e c t o r .  In 
S e c t i o n  I1 we have c o n s i d e r e d  a  1 . 5  um SiO f i l m  ( a  w o r s t  case )  1~i1:l- a n  

2  
2  

a r e a  o f  20 cm . With an a p p l i e d  v o l t a g e  o f  90 v o l t s  ( s c a l i n g  up of 60 
v o l t s  on 1 . 0  pm oxide)  and t h e  e l e c t r o n  f l u x  p r e d i c t e d  f o r  t h e  M'CS 
f l i g h t  a  w o r s t  c a s e  a n a l y s i s  y i e l d s  a  r a d i a t i o n  induced  c u r r e n t  o f  

3  x amps. Thus, t h e  e q u i v a l e n t  r e s i s t a n c e  o f  t h e  SiO, f i l m  r ~ o ~ . r d  
6 L 

b e  3  x l o9  ohms which is  w e l l  above t h e  10 ohms o f  t h e  l o a d  r e s i . s t o r .  
 heref fore, r a d i a t i o n  induced  c o n d u c t i v i t y  a s s o c i a t e d  w i t h  i n t r i n s i c  
i o n i z a t i o n  s h o u l d  n o t  degrade t h e  performance o f  t h e  MOS c a p a c i t o r  
micrometeoroid  d e t e c t o r .  

(2) Ana lys i s  does n o t  p r o v i d e  a  c l e a r  p r e d i c t i o n  o f  t h e  impor tance  
o f  r a d i a t i o n  induced  s p a c e  charge b u i l d u p  and spontaneous  d i s c h a r g e ,  
I n  S e c t i o n  I11 t h e  s p a c e  charge b u i l d u p  is  s u b s t a n t i a l l y  d i f f e r e n t  for 
t h e  w o r s t  c a s e  ( F i g .  31.) and t h e  " t y p i c a l "  r e s u l t s  ( F i g u r e  3 . 2 ) -  
Using t h e s e  r e s u l t s  i n  t h e  a n a l y s i s  o f  S e c t i o n  I V  c l e a r l y  i n d i c a t e s  
t h e  dilemma. For t h e  w o r s t  c a s e  a n a l y s i s  w i t h  a s u r f a c e  charge  

1 4  -2 
d e n s i t y  o f  approx imate ly  1 0  cm throughout  t h e  MTS f l i g h t ,  
t h e  i n t e r n a l  e l e c t r i c  f i e l d  due t o  t h e  s p a c e  charge  i s  i n  



7 
e x c e s s  o f  l o 7  vo l t s / cm.  The maximum f i e l d  f o r  SiO i s  10 vo l t s / cm.  

2  
Thus spontaneous  d i s c h a r g e  i s  d e f i n i t e l y  a  p o s s i b i l i t y .  For  t h e  .more 
r e a l i s t i c  s p a c e  charge b u i l d u p  r e s u l t i n g  i n  a  s u r f a c e  charge o f  

12 -2 
approximately  10 cm , t h e  i n t e r n a l  e l e c t r i c  f i e l d  i s  n e a r  l o 6  v o l t s /  
cm. S i n c e  t h e  d e t e c t o r s  a r e  c l e a r e d  t o  a  f i e l d  o f  approximately  this 
same v a l u e ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  t h e  performance.  However, one 
f a c t  i s  imminently c l e a r .  The c l e a r i n g  o p e r a t i o n  removes d e f e c t s  o r  
f i e l d  s t r e n g t h  weaknesses which could  p r o v i d e  r e g i o n s  f o r  spontani- =ous 
d i s c h a r g e  w i t h  s p a c e  charge b u i l d u p .  

One f a c t o r  which p rov ides  some encouragement i s  t h e  a p p a r e n t  .volme 
a s s o c i a t e d  w i t h  t h e  c l e a r i n g  of d e f e c t s .  The d iamete r  of t h e  regions 
where t h e  c l e a r i n g  e v e n t  o c c u r s  is  l e s s  t h a n  1 mm. T h e r e f o r e ,  t h e  ratio 
o f  t h e  c a p a c i t o r  volume t o  t h e  d e f e c t  volume i s  g r e a t e r  t h a n  5000 Fop: a 

2  
20 cm SiO c a p a c i t o r .  Assuming t h e  spontaneous  d i s c h a r g e  o c c u r s  i n  a 

2  
d e f e c t  r e g i o n  and removes t h e  s p a c e  charge throughout  t h e  d e f e c t  region 
and t h a t  t h e  i n t e r n a l  f i e l d  due t o  s p a c e  charge is  approx imate ly  
6 

10 v o l t s / c m ,  t h e  spontaneous  d i s c h a r g e  p u l s e  would b e  less than  20 
m i l l i v o l t s .  C l e a r l y  t h i s  would n o t  p r e s e n t  a  problem f o r  t h e  MTS 
d e t e c t o r  c i r c u i t s .  

( 3 )  Paragraphs  1 and 2  d i s c u s s e d  r a d i a t i o n  induced e f f e c t s  a r i s i ~ g  
from i o n i z a t i o n  and i n t r i n s i c  charge t r a n s p o r t .  There  i s  t h e  added 
p o s s i b i l i t y  t h a t  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  SiO f i l m  w i l l  n o t  
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remain cons t a n t  w i t h  f l u e n c e .  R a d i a t i o n  induced d e f e c t s  o r  s t r u c t - u r a l  
changes may b e  ev idenced  i n  e i t h e r  a spontaneous  s i g n a l  o r  a  c a t a s -  
t r o p i c  f a i l u r e .  P r e s e n t l y  we a r e  unable  t o  p r o v i d e  a  d e t a i l e d  analy- 
s is  ; however, phenomenological ly  t h e  e f f e c t s  a r e  s i m i l a r  t o  o u r  
t r e a t m e n t s  i n  S e c t i o n s  11 and I V .  As  shown i n  S e c t i o n  V t h e  l eakage  
c u r r e n t  of t h e  PlOS c a p a c i t o r  d e t e c t o r  i s  de te rmined  by t h e  p r o p e r t i e s  
o f  d e f e c t s  ( ' b e a k  s p o t s " )  i n  t h e  ox ide .  These a r e  t h e  r e g i o n s  t h a t  are 
removed by t h e  c l e a r i n g  o p e r a t i o n ,  P r e s e n t l y  we do n o t  have an aciequate 
c o n c e p t u a l  model f o r  a  d e f e c t  dominated SiO f i l m .  Cur ren t  f low through 
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weak s p o t s  can be  b a r r i e r  l i m i t e d  o r  b u l k  l i m i t e d .  I f  b a r r i e r  l i m i t e d ,  
t h e  a d d i t i o n a l  r a d i a t i o n - i n d u c e d  d e f e c t s  i n t r o d u c e d  i n  t h e  v i c i n i t y  o f  
t h e  l i m i t i n g  b a r r i e r  cou ld  cause  b a r r i e r  m o d i f i c a t i o n s  t h a t  r e s u l t  i n  
i n c r e a s e s  i n  l eakage  c u r r e n t  ; i f  b u l k  l i m i t e d ,  t h e  r a d i a t i o n - i n d u c e d  
d e f e c t s  a c t  a s  c a r r i e r  t r a p s  which t e n d  t o  i n h i b i t  charge n e u t r a l i z a t i o n  
through r e l a x a t i o n  t i m e  p r o c e s s e s .  Consequent ly ,  charge b u i l d u p  could 
be  enhanced i n  t h e  r e g i o n  of o x i d e  weak s p o t s ,  i n c r e a s i n g  t h e  vu lner -  
a b i l i t y  o f  t h e  ox ide  t o  spontaneous  d i s c h a r g e  at  t h e s e  d e f e c t s .  



Recommendations 

With t h e  numerous assumptions  n e c e s s a r y  t o  o b t a i n  an e s t i m a t e  o f  
t h e  e f f e c t s  of r a d i a t i o n  on t h e  NOS c a p a c i t o r  d e t e c t o r ,  i t  i s  a d v i s a b l e  
t o  conduct a  s e r i e s  o f  exper iments  t o  v e r i f y  t h e  conc lus ions  o f  t h i s  
s t u d y .  The primary a r e a s  o f  concern a r e  s p u r i o u s  s i g n a l s  and e x c e s s i v e  
l eakage  c u r r e n t .  Experiments t o  a s s e s s  t h e  s e r i o u s n e s s  o f  t h e s e  two 
problems a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d  and s h o u l d  p rov ide  a  r e a s o n a o l e  
conf idence  l e v e l .  The major  concern w i l l  be  f o r  p r o p e r  i n s t r u r n e r , t a t i o ~  
and p r o p e r  s c a l i n g  of t h e  f l u x  r a t e  and energy f o r  a r e a s o n a b l e  i r r a d i -  
a t i o n  p e r i o d .  Two s e p a r a t e  exper iments  w i l l  b e  r e q u i r e d  t o  p r o v i d e  a 
r e a s o n a b l e  s i m u l a t i o n  of t h e  i r r a d i a t i o n  i n  space .  

For t h e  l eakage  c u r r e n t  an MOS c a p a c i t o r  d e t e c t o r  s h o u l d  b e  
i r r a d i a t e d  w i t h  r e l a t i v e l y  h igh  energy e l e c t r o n s .  C e r t a i n l y  a f e w  
hundred k i l o v o l t s  would be  s u f f i c i e n t  t o  a c h i e v e  t h e  t h r e s h o l d  f c r  
d i sp lacement  damage. I n  f a c t  a lower  energy  may b e  s a t i s f a c t o r y ,  
However, t h e r e  i s  some u n c e r t a i n t y  about  t h e  optimum energy and a 
r e a s o n a b l e  compromise i s  300 keV. The u l t i m a t e  f l u e n c e  o f  i n t e r e s t  
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is 1 0 ' ~ c m  They key q u e s t i o n  is  t h e  f l u x  r a t e .  R a d i a t i o n  damage 
a n n e a l s  s o  i t  i s  u n r e a l i s t i c  t o  expose t h e  sample t o  t h e  e n t i r e  flu- 
ence i n  a  t ime  i n t e r v a l  t h a t  i s  s h o r t  compared t o  t h a t  o f  r ad ia t to7 i  
damage a n n e a l i n g .  Anneal ing r a t e s  v a r y  from minutes  t o  h o u r s .  Sopie 
r a d i a t i o n  induced  d e f e c t s  r e q u i r e  e l e v a t e d  t e m p e r a t u r e  and even l o n g e r  
t ime  i n t e r v a l s  f o r  a n n e a l i n g .  However, we a r e  i n t e r e s t e d  p r i m a r  lly I? 
t h e  t r a n s i e n t  b e h a v i o r  of d e f e c t s  and w i l l  c o n s i d e r  t h e  l o n g  term 
e f f e c t s  as permanent.  T h e r e f o r e  a r e a s o n a b l e  compromise would be  t o  
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ach ieve  a  f l u e n c e  o f  10 cm i n  about  10 seconds  o r  l e s s  t h a n  one 
hour .  T h i s  could  b e  s a t i s f i e d  w i t h  an i r r a d i a t i o n  beam c u r r e n t  d e i i s f i y  

L o f  approx imate ly  1 microamp/cm . I f  a swept  beam f a c i l i t y  i s  w e d ,  ciie 
i n s t a n t a n e o u s  c u r r e n t  d e n s i t y  w i l l  b e  much g r e a t e r  than  t h i s  and it 
may b e  n e c e s s a r y  t o  reduce t h e  average  c u r r e n t  d e n s i t y  and ex tend  t l ~ e  
i r r a d i a t i o n  t ime l o n g e r  s t i l l .  (There  i s ,  o f  c o u r s e ,  no need  t o  exeend 
t h e  i r r a d i a t i o n  t ime i f  t h e  MOS c a p a c i t o r  d e t e c t o r  does n o t  e x h i b i t  
e x c e s s i v e  l eakage  . ) 

One method f o r  t h e  t e s t  would b e  t o  i r r a d i a t e  t h e  MOS d e t e c t o r  
under b i a s  w i t h  a  one megohm l o a d  r e s i s t o r  i n  s e r i e s  w i t h  t h e  detector, 
Measuring t h e  v o l t a g e  a c r o s s  t h e  r e s i s  t o r  d u r i n g  and a f t e r  i r r a d - a t l o i z  
would p r o v i d e  a  r e a l i s t i c  e s t i m a t e  o f  t h e  l e a k a g e  c u r r e n t  problem, 
Assuming a b i a s  o f  40 v o l t s  a c r o s s  t h e  MOS d e t e c t o r ,  a v o l t a g e  drop o f  
l e s s  t h a n  one v o l t  a c r o s s  t h e  one megohm r e s i s t o r  would p robab ly  be  
a c c e p t a b l e  on t h e  b a s i s  of l e a k a g e  c u r r e n t .  Assuming such a l a r g e  
e f f e c t  i s  n o t i c e d ,  a d d i t i o n a l  t e s t s  f o r  impact d i s c h a r g e  e v e n t s  would 
c e r t a i n l y  b e  w a r r a n t e d .  I n  f a c t ,  any s i g n i f i c a n t  change i n  e L e c ~ r i c a L  



p r o p e r t i e s  s h o u l d  b e  fo l lowed  by an impact  exper iment  t o  make c e r t a i n  
t h a t  t h e  d e t e c t o r  performance h a s  n o t  been changed. 

The above exper iment  i s  o r i e n t e d  toward r e l i a b l e  performance o f  
t h e  d e t e c t o r .  Equa l ly  impor tan t  i s  t h e  o c c u r r e n c e  o f  s p u r i o u s  s i g p a l s  
a s s o c i a t e d  w i t h  spontaneous  d i s c h a r g e .  The major  problems a r e  de tec -  
t i o n  o f  t h e  spon taneous  d i s c h a r g e  and r e a s o n a b l e  s c a l i n g  of t h e  f l u x  
r a t e  t o  s i m u l a t e  a  s p a c e  environment.  For t h e  MTS a d i s c r i m i n a t i o n  
l e v e l  o f  1 v o l t  appears  adequa te  and s h o u l d  p r o v i d e  o n l y  a moderate 
c h a l l e n g e .  The pr imary c o n s i d e r a t i o n  w i l l  b e  enough bandwidth i n  the  
d e t e c t i o n  c i r c u i t  t o  d e t e c t  a  d i s c h a r g e  e v e n t .  The r i s e  t ime may be  
submicrosecond,  r e q u i r i n g  megahertz bandwidth t o  s e e  t h e  r i s e  t ime ,  
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However, t h e  decay t ime w i l l  b e  a  f r a c t i o n  o f  a second  w i t h  a  10 ohm 
l o a d  t o  s i m u l a t e  o p e r a t i o n a l  c o n f i g u r a t i o n .  T h e r e f o r e ,  t h e  bandwidth 
w i l l  n o t  be  c r i t i c a l  f o r  p r e l i m i n a r y  o b s e r v a t i o n s  where d i s c h a r g e  
c h a r a c t e r i s  t i c s  are n o t  o f  pr imary concern.  

S c a l i n g  t h e  f l u x  r a t e  w i l l  depend upon two f a c t o r s .  The c i r c u i t  
t ime c o n s t a n t  s h o u l d  b e  s h o r t  compared t o  t h e  t ime r e q u i r e d  t o  ach ieve  
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a  f l u e n c e  o f  1 0  cm . Also ,  t h e  r e l a x a t i o n  t ime  must b e  c o n s i d e r e d ,  
W e  can on ly  e s t i m a t e  t h i s  e f f e c t  by n o t i n g  t h e  r e l a x a t i o n  t ime f o r  PIOS 
d e v i c e s  which have been i r r a d i a t e d .  The u n c e r t a i n t y  i n  r e l a x a t i o n  
compl ica ted  m a t t e r s .  I f  t h e  t i m e  was comparable t o  t h e  MTS miss ion  tira.e 
we would i g n o r e  t h e  problem. However, i f  i t  i s  s h o r t  compared t o  t h e  
m i s s i o n ,  anomalous e f f e c t s  due t o  s c a l i n g  t h e  f l u x  r a t e  may a r i s e ,  As 
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a f i r s t  t r y  a f l u x  r a t e  n e a r  10 cm s e c  ( a  beam c u r r e n t  d e n s i t y  o f  
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abou t  . O 1  microamp cm ) is  s u g g e s t e d .  Assuming spontaneous  d i s c h a r g e  
e v e n t s  are n o t e d  t h e  f l u x  r a t e  s h o u l d  b e  decreased .  S i n c e  i t  i s  not 
p r a c t i c a l  t o  d u p l i c a t e  t h e  a c t u a l  f l u x  r a t e  of s p a c e ,  a s t u d y  o f  
d i s c h a r g e  r a t e  v e r s u s  f l u x  r a t e  s h o u l d  b e  cons idered .  I n  t h e  e v e n t  
d i s c h a r g e  e v e n t s  a r e  n o t  d e t e c t e d  t h e  exper iment  r e p r e s e n t s  a wors t 
c a s e  and p r o v i d e s  t h e  needed conf idence  f o r  t h e  d e t e c t o r  performance 
i n  a n u c l e a r  environment.  

F i n a l l y  t h e  q u e s t i o n  of energy f o r  t h e  i r r a d i a t i o n  e l e c t r o n s  
s h o u l d  b e  c o n s i d e r e d .  Simons [ r e f .  3.61 h a s  n o t e d  a  c o r r e l a t i o n  o f  
maximum s p a c e  charge b u i l d u p  w i t h  energy d i s s i p a t i o n  o f  t h e  pr imary 
e l e c t r o n  i n  t r a v e r s i n g  t h e  SiO I n  f a c t  t h e  maximum b u i l d u p  occurs  
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when t h e  d i s s i p a t i o n  of t h e  pr imary e l e c t r o n  i s  a maximum at  t h e  
SiO -S i  i n t e r f a c e .  T h i s  w i l l  o c c u r  a t  approx imate ly  10-20 keV. Thus 
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we may s i m u l a t e  w o r s t  c a s e  w i t h  a f l u e n c e  o f  10 cm e l e c t r o n s  a.t 
20 keV. Again i f  spontaneous  d i s c h a r g e  i s  observed ,  a more r e a s o n a b l e  
s i m u l a t i o n  must be  c o n s i d e r e d .  I f  d i s c h a r g e  e v e n t s  a r e  n o t  d e t e c t e d ,  
t h e  w o r s t  c a s e  exper iment  a g a i n  p r o v i d e s  t h e  n e c e s s a r y  conf idence .  



The spontaneous  d i s c h a r g e  d e t e c t o r  could  b e  a s i n g l e  sweep storage 
o s c i l l o s c o p e  w i t h  at l e a s t  a  10 megahertz bandwidth and 100 m i l l i v o l t  /ern 
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s e n s i t i v i t y .  B i a s i n g  t h e  NOS d e t e c t o r  w i t h  a  10 ohm l o a d  r e s i s t o r  i n  
s e r i e s  s i m u l a t e s  t h e  o p e r a t i o n a l  pa ramete rs .  The i n p u t  t o  t h e  scope 
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s h o u l d  b e  a c  coupled a c r o s s  t h e  10 ohm r e s i s t o r .  I n i t i a l l y  w e  a r e  
i n t e r e s t e d  on ly  i n  t h e  o c c u r r e n c e  of a  s i n g l e  spontaneous  d i s c h a r g e .  

A one-microamp/ cm2 beam c u r r e n t  w i t h  20 keV pr imary energy s h o u l d  
p r o v i d e  a sa t is  f a c t o r y  w o r s t  c a s e  exper iment .  With t h i s  t echn ique  a 
number o f  MOS dev ices  connected i n  p a r a l l e l  cou ld  b e  observed .  


